Towards improving clinical evaluation of the shoulder: Defining upper limb biomechanics of breast cancer survivors during functional evaluation tasks by Lang, Angelica E
 
 
               
 
TOWARDS IMPROVING CLINICAL EVALUATION OF THE SHOULDER: 
DEFINING UPPER LIMB BIOMECHANICS OF BREAST CANCER SURVIVORS 
DURING FUNCTIONAL EVALUATION TASKS 
 
 
 
 
A Thesis Submitted to the  
College of Graduate and Postdoctoral Studies 
in Partial Fulfillment of the Requirements 
for the Degree of Doctor of Philosophy 
in the Department of Health Sciences 
University of Saskatchewan 
Saskatoon 
 
 
 
By 
 
ANGELICA E. LANG 
 
 
 
 
 
 Copyright Angelica E. Lang, May, 2020. All rights reserved.
 
i 
 
PERMISSION TO USE 
 
In presenting this thesis/dissertation in partial fulfillment of the requirements for a Postgraduate 
degree from the University of Saskatchewan, I agree that the Libraries of this University may 
make it freely available for inspection. I further agree that permission for copying of this 
thesis/dissertation in any manner, in whole or in part, for scholarly purposes may be granted by 
the professor or professors who supervised my thesis/dissertation work or, in their absence, by 
the Head of the Department or the Dean of the College in which my thesis work was done. It is 
understood that any copying or publication or use of this thesis/dissertation or parts thereof for 
financial gain shall not be allowed without my written permission. It is also understood that due 
recognition shall be given to me and to the University of Saskatchewan in any scholarly use 
which may be made of any material in my thesis/dissertation. 
DISCLAIMER 
Reference in this thesis/dissertation to any specific commercial products, process, or service by 
trade name, trademark, manufacturer, or otherwise, does not constitute or imply its endorsement, 
recommendation, or favoring by the University of Saskatchewan. The views and opinions of the 
author expressed herein do not state or reflect those of the University of Saskatchewan, and shall 
not be used for advertising or product endorsement purposes. 
 
Requests for permission to copy or to make other uses of materials in this thesis/dissertation in 
whole or part should be addressed to: 
 Head of the College of Medicine 
 5D40 Health Sciences Building Box 19 
 Wiggins Road 
 University of Saskatchewan 
 Saskatoon, Saskatchewan S7N 5E5 Canada 
  OR 
 Dean 
 College of Graduate and Postdoctoral Studies 
 University of Saskatchewan 
 116 Thorvaldson Building, 110 Science Place 
 Saskatoon, Saskatchewan  S7N 5C9  Canada 
ii 
 
THESIS SUMMARY 
Breast cancer is the most commonly diagnosed cancer among women in Canada, and survivors 
are often affected by post-treatment upper limb sequelae. Some limitations, such as range of 
motion restrictions, strength reductions, and presence of pain, have been well documented in 
survivors but the definition of biomechanical changes following treatment are not as robust. 
Further, status as breast cancer survivor has been indicated as a risk factor for secondary rotator 
cuff disorders, but the causes of such secondary morbidity are unidentified. Characterization of 
biomechanical shoulder alterations could provide insight to the higher prevalence of rotator cuff 
disorders in breast cancer survivors.  
Historically, scapular motion tracking has been difficult for biomechanists, and currently used 
strategies were developed and tested on young, unimpaired participants. The utility of current 
methods had not yet been tested in a pathological population. Therefore, the first study of this 
dissertation quantified error of the acromion marker cluster (AMC) in the study sample. Data 
were collected from 25 non-cancer controls and 25 post-mastectomy breast cancer survivors. 
Tracking the scapula with the AMC was most successful when using the double calibration 
method. This method resulted in errors of approximately 5-10˚ throughout full arm range of 
motion, with highest errors in scapular protraction. This error magnitude is within the previously 
reported range from younger populations, suggesting that the AMC is an acceptable strategy for 
tracking scapula in this sample.  
The second study of this dissertation defined the upper limb kinematics of breast cancer 
survivors during return-to-work focused functional tasks. The motion of the torso, humeri and 
scapulae were tracked during six different functional tasks: overhead reach, repetitive reach, 
fingertip dexterity, hand and forearm dexterity, overhead lift, and overhead work. Mean, 
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maximum, and minimum values for each degree of freedom were extracted from each movement 
cycle and compared across groups. Post-hoc analyses determined that presence of impingement 
pain in breast cancer survivors, as determined by pain on at least one of three impingement 
provocation tests, was associated with clinical, performance, and kinematic differences. Breast 
cancer survivors with pain had higher disability scores, lower range of motion, and lower 
performance scores. During the overhead reach and overhead lift, scapular upward rotation was 
reduced at the top of the movements in the pain group. Additionally, at the extremes of the 
repetitive reach and overhead lift, breast cancer survivors with pain had reduced humeral 
abduction and humeral internal rotation. These compensations are associated with impingement 
pain diagnosis suggesting a potential link between biomechanical risk factors, pain, and future 
development of rotator cuff disorders.  
A measure of muscle activation would clarify the influence of altered muscle force strategy on 
identified movement compensations, and this was the objective of the third study. Motion data 
from the six functional tasks were used as input for a biomechanical model. A modified version 
of the Shoulder Loading Analysis Module (SLAM) was used to estimate individual muscle 
forces. The model was modified to accept measured scapular orientations, then pectoralis 
capacity adjustment for breast cancer survivors was tested to determine the best strategy for 
modelling this group. Model outputs were compared to measured electromyography (EMG) from 
select muscles to assess model efficacy, and then maximum muscle forces for each task were 
compared between the three groups. Model outputs with these participants, task parameters, and 
modifications differed from experimental EMG, but within accepted error ranges. Maximum 
forces during task performance differed for the breast cancer survivors with pain: upper 
trapezius, supraspinatus and pectoralis major muscles were consistently higher for this group, 
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suggesting that rehabilitation should focus on preventing potentially harmful scapular and 
humeral kinematics by reducing activity in several key muscles, notably the upper trapezius and 
supraspinatus. 
To determine the applicability of these data for current biomechanical and clinical practice and 
arm assessments, the relationship of scapular motion during arm elevation and functional tasks 
was evaluated. While alterations were identified during functional tasks, it is not clear if these 
same alterations are present in arm elevations, even though this is the prevailing scapular motion 
assessment method. First, scapular upward rotation at five levels of arm elevation was compared 
between the three groups, and then the correlation of upward rotation and scapulohumeral 
rhythm (SHR) in both types of motion at corresponding arm elevation levels was assessed. 
Decrements in upward rotation were identified in the pain group, but at lower arm elevations. 
Upward rotation was moderately to strongly correlated between the two types of movements, but 
SHR did not demonstrate the same strength and significant relationships. Overall, sagittal arm 
elevation was most strongly correlated with functional task performance, but the differing results 
from the group comparisons and inconsistency of the SHR relationship suggest that a simple 
functional task could be a more robust clinical assessment method. 
These studies combine to enhance both fundamental and clinical definitions of post-treatment 
shoulder dysfunction in breast cancer survivors. Shoulder kinematics, as measured by the AMC, 
are altered in breast cancer survivors with impingement-related pain, and subsequent muscle 
force predictions highlighted important compensatory muscle strategies that could be targeted in 
rehabilitation to treat dysfunction and prevent rotator cuff disorders in this population. Finally, 
while evaluation during arm elevation is the predominant method both in laboratory and clinical 
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evaluations, a loaded reach is recommended for improved assessment of scapular motion for 
return-to-work focused rehabilitation. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Motivation 
 
Breast cancer is the most frequently diagnosed cancer in women in Canada; an estimated one in 
nine Canadian women are diagnosed with breast cancer in their lifetime (Canadian Cancer 
Society, 2015). Fortunately, the survival rate following breast cancer diagnosis is almost 90% 
(Canadian Cancer Society, 2015). With this high rate of survival comes a rise in the prevalence 
of upper limb morbidities among survivors, including pain, swelling, decreased range of motion, 
and decreased strength (Hack, Cohen, Katz, Robson, & Goss, 1999; Kuehn et al., 2000). These 
symptoms may persist for years following treatment (Sagen et al., 2009), indicating an overall 
decreased function and quality of life after treatment, as well as an increased potential for future 
upper limb injury. 
Many physical side effects of breast cancer treatment, such as pectoralis shortness, 
lymphoedema, and pain, have been associated with other upper limb disorders (Ebaugh, Spinelli, 
& Schmitz, 2011; Stubblefield & Keole, 2014; Yang et al., 2010). In particular, rotator cuff 
disease is strongly associated with breast cancer treatment and many of the subsequent physical 
changes (Ebaugh et al., 2011), including potential biomechanical adaptations at the shoulder 
(Borstad & Szucs, 2012; Brookham, Cudlip, & Dickerson, 2018a; Shamley, Srinaganathan, 
Oskrochi, Lascurain-Aguirrebeña, & Sugden, 2008).  It is not clear, however, what kinematic 
and kinetic changes occur, and remain, following breast cancer treatment, particularly during 
functional tasks. This knowledge gap is notable, since aberrations in motion and muscle loading 
strategies during daily activities at home or work have the potential to lead to further injury, 
disability, and decreased function in many aspects of life.   
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Following treatment for any type of cancer, survivors are less likely to be employed for pay 
compared to non-cancer controls (Nitkin & Schultz, 2011). Return-to-work at an appropriate 
time, in a meaningful and capable manner is associated with increased quality of life (Anderson 
& Armstead, 1995). However, premature return-to-work can precipitate further injury; for breast 
cancer survivors in particular, persistent arm impairments suggests there are kinematic changes 
that could be exacerbated by work if they are not identified and treated. Currently, these 
alterations are poorly understood, suggesting the need for improved characterization of motion 
for evaluation and rehabilitation following breast cancer surgery. 
This research addressed the current lack of knowledge regarding breast cancer survivor shoulder 
kinematics and kinetics, particularly in functional, work-related tasks. To this author’s 
knowledge, no other investigations have attempted to define the biomechanical changes 
following breast cancer surgery in the context of return-to-work. Defining how and why shoulder 
motion is affected in functional tasks after breast cancer treatment will inform treatment and 
rehabilitation for return-to-work, while determining the most functionally relevant strategy for 
evaluating shoulder function will inform clinical practice for assessing pathological 
biomechanics.  
1.2 Overarching Research Aim 
  
The overall objective of the proposed research was to improve the definition of shoulder 
biomechanics of breast cancer survivors. A combined approach including in vivo measurements, 
musculoskeletal modeling, and statistical approaches facilitated meeting this objective. These 
three techniques worked together to provide a novel understanding of shoulder biomechanics of 
breast cancer survivors that can inform clinical assessment, treatment, and return-to-work 
recommendations.  
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There were four specific research questions for this thesis: 
1. Can the scapulae of breast cancer survivors and age-group-matched controls be tracked 
with sufficient accuracy using an acromial marker cluster (AMC)? 
Hypothesis: Errors from the AMC will be similar to those reported in previous 
work. There is some error expected when comparing dynamic motion tracked 
with AMC to landmark palpation (used in the place of the less feasible method of 
bone pins), but the magnitudes of the errors will likely be similar to those reported 
in other investigations (Karduna, McClure, Michener, & Sennett, 2001; Maclean, 
Chopp, Grewal, Picco, & Dickerson, 2014; van Andel, van Hutten, Eversdijk, 
Veeger, & Harlaar, 2009). Acceptable error levels (5-10˚) will indicate the utility 
of using the AMC to track the scapula in the following investigations. 
2. Are torso and shoulder kinematics during arm-centric functional task performance 
different for breast cancer survivors than non-cancer controls? 
Hypothesis: Breast cancer survivors will use different kinematic strategies than 
controls. Specifically, it is hypothesized that breast cancer survivors will decrease 
the contribution of the shoulder and increase torso range of motion to perform 
functional tasks (Lomond & Côté, 2011), as well as increase protraction of the 
scapula due to pectoralis tightness (Borstad & Szucs, 2012). 
3. Are muscle force strategies different for breast cancer survivors than age-group-matched 
controls? 
Hypothesis: Breast cancer survivors will have different muscle loading strategies 
than the control group. It is expected that breast cancer survivors and controls will 
use different kinematic strategies during both the arm elevations and the 
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functional tasks (Borstad & Szucs, 2012; Brookham, 2014), suggesting that there 
will also be differences in muscle load sharing strategies. 
4. Is scapular motion during arm elevation associated with scapular motion in functional 
tasks for breast cancer survivors and non-cancer controls? 
Hypothesis: There will be a moderate relationship between scapular kinematics 
during arm elevations and WRF tasks. Specifically, kinematics from scapular and 
frontal plane elevation will best predict kinematics during the dexterity tasks, 
while elevation in the sagittal plane will best predict kinematics during the 
overhead reach and overhead lift. 
1.3 Outline of Dissertation Document 
 
This dissertation is comprised of a review of the literature to provide background, followed by 
manuscripts for four independent studies. The overall outline and relationship between the 
studies is illustrated in Figure 1.1. First, the accuracy of the AMC, the method used to track 3D 
motion of the scapula, was evaluated in Study #1. Kinematic data of the shoulder and torso were 
then examined in Study #2 to define and compare movement strategies of breast cancer survivors 
and non-cancer controls. These data were used as inputs for a musculoskeletal model of the 
shoulder to estimate and quantify muscular strategies in Study #3. Finally, Study #4 assessed the 
relationship of scapular kinematics between basic arm elevations and work-related functional 
tasks. Together, these four studies aimed to improve assessment and subsequent treatment of the 
shoulder following breast cancer treatment. 
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Figure 1.1: An outline of the specific goals and outcomes of the four studies that comprise 
this thesis. All four studies use the same data collection. Shaded boxes indicate general 
study purposes. 
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CHAPTER 2: LITERATURE REVIEW 
 
This review summarizes relevant literature relating to arm dysfunction and breast cancer, 
shoulder modeling, and clinical assessment of the shoulder. The first section of this literature 
review provides an overview of breast cancer and concomitant arm morbidities experienced after 
curative treatment.  It then explores the current state of knowledge about biomechanical changes 
following surgical and adjunctive breast cancer treatment (e.g. radio and chemotherapy). A brief 
discussion of return-to-work following cancer ensues. The next section provides an overview of 
the fundamentals of musculoskeletal modeling, with special focus on the shoulder mechanism. 
Finally, the last section reviews the current strategies for shoulder evaluation in a clinical setting.  
2.1 Breast cancer and arm function 
 
2.1.1 Overview of Breast cancer 
 
Breast cancer is the most common type of cancer experienced by women. It was expected that 
approximately 25,700 women in Canada would be diagnosed with breast cancer in 2016. This 
proportion represents 26% of all new cancer cases in women and is more than double the next 
most common cancer in women (lung cancer) (Canadian Cancer Society, 2015). Breast cancer in 
women between the ages of 50 and 69 comprises 52% of all cases, while women under the age 
of 50 account for 18% of breast cancer cases. Survival rates following breast cancer treatment 
are very high, however, with an average of 87% 5-year survival (Canadian Cancer Society, 
2016). If the cancer is detected early, in stage 0 or I, the survival rate is 100%. For stage II, III, 
and IV, the 5-year survival rates are 86%, 57%, and 20%, respectively (Canadian Cancer 
Society, 2015, 2016). 
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Women between the ages of 50-69 most commonly experience breast cancer. The cause(s) of 
breast cancer is/are not yet completely known, but exposure to female hormones, such as 
estrogen and progesterone, is linked the development and growth of some breast cancer 
(Canadian Cancer Society, 2016). Other genetic and environmental factors are also believed to 
influence the development of breast cancer, such as family history, gene mutations, exposure to 
radiation, oral contraceptives, alcohol, smoking, and body weight (Canadian Cancer Society, 
2016). However, it is difficult to determine the contribution of different individual factors with 
any certainty, as breast cancer can develop in women who do not have any of the risk factors 
listed above. 
The stage of breast cancer development has implications for treatment strategy. Breast cancer 
stage is indicated by levels from 0 to IV as developed by the American Joint Committee on 
Cancer and International Union against Cancer (AJCC, 2009) (Figure 2.1). Cancer stage is 
determined according to the diameter or size of the primary tumour, the number of lymph nodes 
involved with the tumour, and the presence of distant metastases (Carter, Allen, & Henson, 
1989) (Figure 2.1). Stage, and subsequent treatment strategy, affect intensity and prevalence of 
upper limb sequela, which will be further discussed in the next section. 
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Figure 2.1: Diagram of size classifications of primary tumor for breast cancer 
staging (Canadian Cancer Society, 2015). T1 corresponds to Stage 1, T2 to Stage 2, 
etc. 
 
For the purposes of this proposal and literature review, individuals who have completed surgical 
treatment for breast cancer are termed survivors (Brookham, 2014). 
2.1.2 Breast cancer surgeries and treatments 
 
Breast cancer typically is treated with surgery. The purposes of the surgery can include: to cure 
the cancer by removing the tumour, to determine if the cancer has spread to the lymph nodes, or 
to treat recurrence (Canadian Cancer Society, 2016). Breast cancer surgery options are breast 
conserving surgery, mastectomy, sentinel lymph node biopsy, and axillary node dissection. The 
type of surgery is determined by several factors including the size and location of the tumour, if 
the cancer has spread to the lymph nodes, and the overall health of the woman (Canadian Cancer 
Society, 2016).  
Breast conserving surgery, sometimes called a lumpectomy, is the least invasive surgical option. 
It involves removing the tumour but keeping healthy breast or axilla tissue surrounding it 
(Canadian Cancer Society, 2016) (Figure 2.2). This conservative surgery is often followed by 
radiation therapy to the involved breast and regional lymph nodes (Haffty et al., 1989; Schmidt-
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Ullrich et al., 1989). Breast conserving surgery allows a woman to conserve as much healthy 
breast tissue as possible and is an option if the tumour is small enough to remove all the cancer 
safely (Canadian Cancer Society, 2016). Survival rates are high and recurrence rates are low 
following breast conserving surgery, particularly for lower stage cancer (Haffty et al., 1989; 
Schmidt-Ullrich et al., 1989). 
 
Figure 2.2: Illustration of the affected tissues and surgical area for breast 
conserving surgery(Canadian Cancer Society, 2015).  
 
Mastectomy is another surgical option for breast cancer treatment. A mastectomy involves 
removing the entire affected breast. The radical mastectomy, as introduced by Halsted, is an 
operation that removes the breast, overlying skin, pectoralis major muscle, and requires 
extensive lymph node dissection (Halsted, 1894). The modified radical mastectomy (MRM) was 
later introduced to reduce the invasiveness of the radical mastectomy (Figure 2.3); the MRM 
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conserves the pectoralis muscle but removes the adjacent fascia (Patey & Dyson, 1948). The 
effect of preserving the pectoral fascia has also been previously investigated, and neither the 
removal nor the preservation of the fascia had an effect of recurrence or distant metastates 11 
years post-surgery (Dalberg, Krawiec, & Sandelin, 2010). Still, those with the preserved fascia 
had an odds ratio of 1.8 for recurrence, suggesting there is a slight increase in risk to keeping this 
tissue (Dalberg et al., 2010); however, the effects of removing the fascia on the occurrence of 
arm morbidities was not considered. In general, women who have had mastectomies experience 
more shoulder problems, such as pain, swelling, and restricted range of motion, post-surgery 
than those who had a breast conserving surgery (Hayes, Rye, Battistutta, DiSipio, & Newman, 
2010; I.-L. Nesvold, Dahl, Løkkevik, Mengshoel, & Fosså, 2008; Rietman et al., 2003; Sugden, 
Rezvani, Harrison, & Hughes, 1998; Wennman-Larsen, Alexanderson, Olsson, Nilsson, & 
Petersson, 2013).  
 
Figure 2.3: Illustration of the affected tissues and surgical area for mastectomy (Canadian 
Cancer Society, 2015). 
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Lymph node biopsies or dissections are performed with both breast conserving surgery and 
mastectomies to either determine if the cancer has spread to the lymph nodes, or to remove the 
nodes entirely if there is evidence of cancer. The number of lymph nodes involved with the 
tumour is directly related to the stage of cancer, as once the cancer has reached the nodes there is 
an increased likelihood that it will spread to other parts of the body (AJCC, 2009). Sentinel 
lymph node biopsy (SLNB) and axillary lymph node dissection (ALND) are the two lymph node 
surgical options. SLNB is the less invasive option; this procedure involves removal of the 
sentinel node, or the first lymph node in a chain of lymph nodes that receives fluid from the area 
around the tumour, to determine if it contains cancer (Canadian Cancer Society, 2016). This 
procedure is for women with early stage breast cancer. If the node contains cancer, most often an 
ALND will be performed. The ALND procedure removes several lymph nodes in the axilla area 
(Canadian Cancer Society, 2016). The ALND is a more invasive procedure and is associated 
with more ensuing symptoms following surgery (Aerts, De Vries, Van Der Steeg, & Roukema, 
2011; Crane-Okada, Wascher, Elashoff, & Giuliano, 2008; Hack et al., 1999; Kootstra et al., 
2010; Sugden et al., 1998; Wennman-Larsen et al., 2013; Wernicke et al., 2013). However, while 
SLNB is thought to result in reduced symptoms compared to ALND, previous research has noted 
incidence of arm morbidities of up to 57.7% two years post-surgery for both types of node 
removal (Crane-Okada et al., 2008; Kootstra et al., 2010; Verbelen, Gebruers, Eeckhout, 
Verlinden, & Tjalma, 2014). 
Adjuvant treatment, or treatment that is applied after the primary tumour has been removed 
surgically, is administered if the risk of metastatic disease can be decreased through the use of 
this treatment. Treatment options consist of radiation therapy, chemotherapy, hormonal therapy, 
biological therapy, or biophosphonates (Canadian Cancer Society, 2016). The use of these 
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treatments is situation dependent, but radiation therapy, which uses high energy rays or particles 
to destroy cancer cells in the applied area, is almost always performed following breast 
conserving surgery and sometimes after mastectomy (Canadian Cancer Society, 2016). 
Regardless of type of surgery performed, radiation has also been associated with increased arm 
dysfunction (Bentzen, Overgaard, & Thames, 1989; Chetty, Jack, Prescott, Tyler, & Rodger, 
2000; Hojris, Andersen, Overgaard, & Overgaard, 2000). 
2.1.3 Arm morbidities and breast cancer treatment 
 
Breast cancer survivors may experience a range of upper limb morbidities post-surgery. These 
morbidities can include symptoms such as restricted range of motion of the shoulder, 
lymphoedema, decreased strength, pain, the sensation of heaviness, numbness or tightness 
(Assis, Marx, Magna, & Ferrigno, 2013; Hack et al., 1999; Kuehn et al., 2000), all which can last 
for several years following surgery. These symptoms are likely due to a number of physical 
changes resulting from the surgery, such as muscle tissue fibrosis and tissue tightness (Bentzen 
et al., 1989; S. Johansen, Foss Å, Nesvold, Malinen, & Foss, 2014; Yang et al., 2010), scar tissue 
formation and diminished tissue healing (Gosselink et al., 2003), as well as nerve dysfunction 
(Hack et al., 1999; Stubblefield & Keole, 2014). The most commonly assessed arm limitations 
will be discussed here, followed by a review of the literature assessing post-treatment 
biomechanics. 
2.1.3.1 Objective and self-reported range of motion  
 
Restricted mobility, or decreased range of motion, of the shoulder is a common side effect of 
breast cancer treatment. Breast cancer surgery is an important contributing factor to the restricted 
range of motion experienced by almost all breast cancer survivors postopertively (Stubblefield & 
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Keole, 2014). Up to 85 % of women have reported range of motion restrictions in early post-
surgery, and deficits of up to 61˚ in abduction and flexion have been measured in the first few 
weeks following treatment (Box, Reul-Hirche, Bullock-Saxton, & Furnival, 2002; Kootstra et al., 
2010; Leidenius, Leppänen, Krogerus, & Von Smitten, 2003). Deficits of as little as 10° to 25° 
compared to the unaffected arm are commonly considered to cause reduced function of the arm 
(Aerts et al., 2011; S. Johansen et al., 2014; Kootstra et al., 2013; Voogd et al., 2003). 
Restricted mobility can also be a long-term symptom of breast cancer treatment. In the first 6-12 
months post-surgery, up to 73% of patients have reported some type of shoulder range of motion 
restrictions in the affected arm (Miedema et al., 2008), while flexion, abduction and external 
rotation specifically have demonstrated persistent impairments at seven years following surgery, 
with a decrease in abduction range of motion present in the highest percentage of survivors 
(Kootstra et al., 2013). In a group of women who had surgery with radiotherapy, 38% reported 
some mobility impairment nine years post-surgery, but 52% demonstrated impairment when 
range of motion was objectively measured (Hojris et al., 2000), suggesting that self-reported and 
objective measured function are incongruent. Over the months and years, the size of the range of 
motion deficits remain at levels that could impair function. Ranging from 16 to 71 months post-
surgery, survivors had range of motion impairments of 30° to 60° in flexion and 65°to 132° in 
abduction (Bentzen et al., 1989; J. Johansen, Overgaard, Blichert-Toft, & Overgaard, 2000). 
While the exact magnitude of range of motion limitation varies, the consistency of reports of 
problems demonstrates the rising clinical issue of arm impairments as survivorship increases.  
Shoulder function impairment and restricted range of motion of breast cancer survivors are also 
often reported using self-reported paper-and-pen surrogates. One common tool is the Disabilities 
of the Arm, Hand, and Shoulder (DASH) questionnaire, which is a subjective measure of upper 
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limb function during activities of daily living and leisure/work activities. Higher DASH scores 
are associated with both limited range of motion and increased time post-surgery (Assis et al., 
2013). Similar to the range of motion results, average DASH scores can slightly increase 
immediately following surgery, but at 18 months post-treatment, 34% of participants still had a 
substantial decreases in DASH score (Hayes et al., 2010). Other investigations using different 
types of self-reported measures have noted that around six to eight months post-surgery, many 
survivors report that lifting, carrying or reaching worsens their symptoms and decreases their 
work ability (Kärki, Simonen, Mälkiä, & Selfe, 2005). Another 49% have reported difficulty 
with recreational activities (Miedema et al., 2008), and 28% have some function problems in 
their daily life (Bosompra, Ashikaga, Brien, Nelson, & Skelly, 2002) since surgery. Decreases in 
range of motion and arm function are highly correlated with subjective measurements of pain 
and reduced working ability; 99% of participants with the highest ranking of shoulder 
impairment report reduced ability to perform their work tasks (S. Johansen et al., 2014). 
However, as mentioned above, self-reported issues may not be consistent with measured physical 
limitations, and their connection to biomechanics and future disability is uncertain. 
Physical therapy can have a positive effect on arm mobility. A review of exercise interventions 
noted that exercise improved mobility at measurements up to 2 years (Chan, Lui, & So, 2010), 
while physical therapy management has been demonstrated to return average abduction range of 
motion to normal more quickly than a control group (Box et al., 2002). Physical therapy can also 
improve self-reported measures of overall function when implemented either 7 or 27 weeks post-
surgery (Lauridsen, Tørsleff, Husted, & Erichsen, 2000). Still, it has been noted that physical 
therapy should be implemented as early as possible to reduce impairments (Johansson, 2005). 
Although physical therapy appears to decrease the severity and prevalence of post-surgery 
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mobility impairments, range of motion deficits are clearly still present in some survivors well 
after physical therapy rehabilitation.  
It is important to note that even though some intervention studies find that mean of range of 
motion for a group of breast cancer survivors can slightly improve over time, a substantial 
percentage of survivors still display persistent arm impairments. For instance, from 
measurements at six month to measurements at 18 months, average abduction has been shown to 
increase by approximately 7°, but in that same sample of women 35% still demonstrated a 
median deficitof 10° compared to the unaffected side (Hayes et al., 2010). Similarly, in a study of 
survivors that were between three months to three years post- mastectomy or -breast conserving 
therapy, mean abduction and mean flexion improved by 12° and 10°, respectively, but 31% of 
that cohort still had some impaired mobility (Devoogdt et al., 2011). It is not yet clear what 
effect these impairments have on the performance and biomechanics of the shoulder during more 
functional activities of daily living (ADL’s) or work-related tasks, and this will be discussed 
further in later sections.  
2.1.3.2 Lymphoedema 
 
Lymphoedema is another common arm morbidity following breast cancer surgery. 
Lymphoedema is defined as the abnormal collection of excessive tissue proteins, edema, chronic 
inflammation, and fibrosis (Brennan, 1992). Secondary lymphoedema, often experienced by 
breast cancer survivors, is caused by the obstruction of the lymphatic system, likely due to the 
surgical treatment used for breast cancer (Brennan, 1992). Presence of lymphoedema often 
increases with time; in the first three to six months following treatment, 4% and 7% of women, 
respectively, reported lymphoedema, with that number increasing to 18% and 13% three and five 
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years later (Devoogdt et al., 2011; Sagen et al., 2009). Other investigations have reported the 
prevalence of lymphoedema to range from 19% to 25% at several months to years post-surgery 
(Assis et al., 2013; Chen et al., 2014; Kootstra et al., 2013; Lacomba, 2010; Voogd et al., 2003). 
Lymphoedema has been associated with increased feelings of disability and difficulty 
performing chores or recreational activities (Voogd et al., 2003), as well as increased DASH 
scores (Dawes, Meterissian, Goldberg, & Mayo, 2008). However, physiotherapy treatment, in 
the form of manual drainage, compression sleeves, therapeutic exercise and education, does 
appear to have a positive effect; when comparing an early physiotherapy group to a standard-care 
control group at one year post surgery, only 7% in the intervention group demonstrated arm 
swelling, compared to 25% in the control (Lacomba, 2010). Lymphoedema is a complex issue 
that is not well understood; this treatment side effect may be related to biomechanical alterations 
or future disability, but more research is needed to determine that connection. 
2.1.3.3 Strength 
 
Upper limb strength is another measure that can be used to define shoulder dysfunction 
following surgery. However, many studies test grip strength instead of testing the shoulder 
musculature. Grip strength has demonstrated a fair association with pain in the affected shoulder 
(Cantarero-Villanueva et al., 2012), and impairments in grip strength of up to 40% over two 
years post-surgery have been reported (Rietman et al., 2004, 2006; Sagen, Kaaresen, Sandvik, 
Thune, & Risberg, 2014). Conversely, other investigations have demonstrated no change in hand 
grip strength post-surgery (Beurskens, van Uden, Strobbe, Oostendorp, & Wobbes, 2007), and 
thus this may not be a reliable measure of arm impairment or ability to perform functional tasks. 
More specific shoulder strength deficits and arm weakness can range from 0 to 54% two years 
post treatment (Assis et al., 2013; Maunsell, Brisson, & Deschênes, 1993; Verbelen et al., 2014), 
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while the long term effects can affect approximately 20% of survivors up to seven years later 
(Kootstra et al., 2013). Nevertheless, the influence of reduced strength, and in fact many of the 
symptoms discussed in this literature review, on functional and work-related task performance is 
not yet clear.  
2.1.3.4 Pain 
 
Pain of the shoulder, upper limb, and neck is one of the most prevalent and persistent symptoms 
following breast cancer surgery. Chronic pain is associated with decreased quality of life (Dawes 
et al., 2008), decreased function or reduced ability to perform daily tasks (Assis et al., 2013; 
Miedema et al., 2008), and alterations in task performance that could lead to future injuries 
(Côté, Raymond, Mathieu, Feldman, & Levin, 2005; Galiano-Castillo et al., 2011; Lomond & 
Côté, 2011; Seaman, Albert, Weldon, Croll, & Callaghan, 2010). Approximately half of breast 
cancer survivors report some level of pain at some point following surgery (Assis et al., 2013; 
Levy et al., 2012; Rietman et al., 2006). Specifically, up to 56% of survivors experience pain in 
the first month of surgery, and 51% still report pain two years post-surgery, according to a 
review (Verbelen et al., 2014). In a sample of Canadian breast cancer survivors, 55% had pain at 
three months, and this remained essentially unchanged at 15 months post-surgery (Maunsell et 
al., 1993). During five year postoperative follow ups, 36% of survivors still reported feelings of 
pain during rest and activity (Sagen et al., 2009). This is down from 60% at six months, but still 
remains a large proportion of the population. Finally, 14-22% of women experience self-
classified moderate or severe pain (Bosompra et al., 2002; S. Johansen et al., 2014; Miaskowski 
et al., 2014); higher levels of pain are associated with lowest ranges of motion, lowest functional 
abilities, and lower wellbeing and quality of life (Bentzen et al., 1989; Miaskowski et al., 2014; 
Miedema et al., 2008). It is well established that pain is associated with kinematic change; and 
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thus, the presence of pain is likely to be an important contributor to potential biomechanical 
alterations during functional task performance. 
2.1.3.5 Arm morbidities and secondary rotator cuff disease 
 
While the symptoms discussed above can independently result in decreased function of the 
shoulder, they may also predispose breast cancer survivors to future upper limb disorders. 
Several of these morbidities suggest an increased risk of rotator cuff disease (Stubblefield & 
Keole, 2014). First, women are most commonly diagnosed with breast cancer in their 50s and 
60s, indicating they are already at a higher risk of rotator cuff disease because incidence of 
rotator cuff tears increases with age (Tempelhof, Rupp, & Seil, 1999; Yamaguchi et al., 2000). 
Second, tissue tightness and scar tissue formation can be responsible for restricted range of 
motion ultimately leading to altered postural alignment and shortened chest muscles. These 
alterations can change both active and passive force generation and distributions surrounding the 
shoulder, as well as decrease the size of the subacromial space, which is a risk factor for rotator 
cuff disease (Ebaugh et al., 2011). The presence of lymphoedema can also increase the risk of 
rotator cuff disease; the increased arm weight associated with lymphoedema can change the 
scapulohumeral rhythm (Bagg & Forrest, 1988) and result in more stress on the rotator cuff 
muscles and tendons, potentially leading to overload and tendon tears (Ebaugh et al., 2011; Jang, 
Kim, Oh, & Kim, 2015). With these specific risk factors in mind, and the demonstrated increase 
in prevalence of rotator cuff disease in breast cancer survivors from 2.1 % at three months to 
7.1% at 12 months post-surgery (Yang et al., 2010), it is likely that biomechanical alterations at 
the shoulder following surgical treatment are related to pain, disability and future injury. The 
long-term prevalence of rotator cuff disease in breast cancer survivors is unknown, but the 
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persistence of morbidities, such as reduced mobility and increased lymphoedema, years after 
surgery indicate an increased rotator cuff disease frequency.  
2.1.4 Biomechanics and Breast cancer 
 
Biomechanical evaluation of the shoulder complex following breast cancer treatment is still a 
relatively new area of research. However, preliminary investigations suggest there are 
meaningful biomechanical changes that can elucidate current dysfunction and future injury risk. 
2.1.4.1 Kinematics 
 
Compared to the number of investigations into restricted shoulder range of motion following 
breast cancer treatment, there has been minimal research into kinematics of the upper limb. Most 
kinematic measurements of the upper limb have focused on scapula kinematics during arm 
elevation in various planes and yet the evidence is inconclusive (Borstad & Szucs, 2012; Crosbie 
et al., 2010; Shamley, Lascurain-Aguirrebeña, Oskrochi, & Srinaganathan, 2012). One 
investigation reported an increase in internal rotation, or protraction, of the scapula on both sides 
during scapular plane elevation following surgery, suggesting the unaffected side can also be 
affected by treatment or by central nervous system changes (Borstad & Szucs, 2012; Doiron, 
Delacroix, Denninger, & Simoneau, 2010). However, both increases and no changes have also 
been reported for all scapular degrees of freedom (Borstad & Szucs, 2012; Crosbie et al., 2010; 
Shamley et al., 2008), and the reported changes in rotation and tilting were relatively small 
compared to control or pre-measurements, so it is not clear how central these potential alterations 
are to functional abilities or future injury risk. 
Only a few previous investigations have measured three-dimensional upper limb kinematics 
during functional tasks in breast cancer survivors. During upper limb focused ADL’s and basic 
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work related tasks, scapular posterior tilt range of motion was generally higher in breast cancer 
survivors than non-cancer controls (Brookham, 2014). Additionally, humeral internal rotation 
was increased for breast cancer survivors compared to non-cancer controls in all functional tasks, 
and humeral elevation was higher during ADL tasks for breast cancer survivors (Brookham, 
2014). During walking, arms with lymphoedema have reduced arm swing amplitude, drooping 
shoulder, and centre of pressure was shifted towards the side of the body with the affected arm 
(Balzarini et al., 2006). 
Some of these potential kinematic changes experienced by breast cancer survivors suggest 
protective mechanisms to prevent specific tissue overload. For instance, increased upward 
rotation and posterior tilt of the scapula would increase the size of the sub-acromial space, which 
could decrease shoulder impingement syndrome symptoms (Kibler & McMullen, 2003; Ludewig 
& Cook, 2000). However, other kinematic alterations potentially increase injury risk. In 
particular, the increased protraction of the scapula and increased internal rotation of the humerus 
would actually decrease the size of the subacromial space, which would in turn increase the risk 
of impingement (Braman, Engel, LaPrade, & Ludewig, 2009; Ludewig & Cook, 2000; Solem-
Bertoft, Thuomas, & Westerberg, 1993). The magnitude of the protraction of the scapula 
changes in preliminary studies appears to be larger than the magnitudes of the upward rotation 
and posterior tilt alterations, indicating the overall changes could be increasing injury risk and 
symptoms. The reduced ability to use full arm elevation range of motion could also lead to 
kinematic changes and increased loading at adjacent segments, such as the torso (Côté et al., 
2005; Lomond & Côté, 2011), depending on specific tasks requirements.  
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2.1.4.2 Electromyography 
 
Muscle activation strategy is also affected by breast cancer treatments. In one study, during arm 
elevation, the posterior deltoid and supraspinatus muscles had higher activity levels compared to 
controls (Brookham, 2014), while the pectoralis major (sternal head), infraspinatus, upper 
trapezius, serratus anterior, and rhomboids had decreased activity (Brookham, Cudlip, & 
Dickerson, 2018b; Shamley et al., 2007). During functional upper limb tasks, increases were 
present in the posterior deltoid, upper trapezius, supraspinatus, and sternocleidomastoid, while 
pectoralis major and infraspinatus had decreased activity (Brookham, 2014; Galiano-Castillo et 
al., 2011). Decreased muscle activity, such as the reduced EMG seen in the pectoralis major 
muscle, may reflect weakness in those muscles (Shamley et al., 2007). Overall total relative 
muscle effort was increased on the affected side during work tasks, reflecting increased muscle 
work that could speed fatigue and injury risk (Brookham, 2014). However, these muscle strategy 
changes have not be explicitly connected to functional decrements or injury risk, so the 
implications for rehabilitation and long term function are yet to be determined. 
2.1.4.3 Future injury risk  
 
Biomechanical changes are important to monitor because several of the alterations preliminarily 
found in breast cancer survivors are similar to the changes observed in other shoulder 
impairment groups. Increased protraction of the scapula and internal rotation of the humerus, 
both of which have been documented in breast cancer survivor groups, are kinematic adaptations 
of persons with either impingement or glenohumeral instability (Ludewig & Reynolds, 2009). 
Increased internal rotation and anterior tilting of the scapula frequently co-exist with both 
shoulder impingement and shortened pectoralis muscles, which is an observed side effect of 
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breast cancer surgery (Phadke, Camargo, & Ludewig, 2009). Similarly, increased upper trapezius 
and deltoid activity, along with decreased activity of the serratus anterior and rotator cuff 
muscles are muscle strategy alterations displayed by both breast cancer survivors and shoulder 
impingement patients (Phadke et al., 2009), supporting the hypothesis that breast cancer 
survivors are predisposed to rotator cuff disease.  
Kinematic alterations and reductions in range of motion can also cause compensations at 
adjacent joints. Injured individuals often reduce the variability of movement at the affected 
structures, resulting in increased exposure at those structures and potential change in motion at 
other joints (Mathiassen, Möller, & Forsman, 2003). For instance, shoulder-injured groups often 
decrease the range of motion at the shoulder or elbow while simultaneously increasing centre of 
mass of trunk motion (Lomond & Côté, 2011; McClure, Michener, & Karduna, 2006; Roy, 
Moffet, & McFadyen, 2008). Therefore, the reduced ability of breast cancer survivors to use 
their shoulders may lead to undesired compensations at other areas of the kinetic chain in order 
to perform defined tasks. Improved understanding of how kinematics are altered by breast cancer 
surgery and how those alterations relate to kinematic changes in other pathological groups will 
help to direct physical therapy treatment, shoulder rehabilitation, and return-to-work planning. 
2.1.4 Correlation with Quality of Life  
 
Breast cancer surgery and the subsequent physical symptoms also influence overall perception of 
quality of life and mental health. Pain, lymphoedema and restricted range of motion are most 
significantly associated with decreased quality of life (Aerts et al., 2011; Assis et al., 2013; I. L. 
Nesvold, Reinertsen, Fossa, & Dahl, 2011). Alterations of scapula kinematics are also related to 
overall decreases of quality of life and other subjective measures (Borstad & Szucs, 2012). 
Interestingly, quality of life may only be decreased in breast cancer survivors under 65 (Pinto et 
23 
 
al., 2013), indicating younger women are most affected by the physical limitations following 
surgery, possibly because they have higher physical work and home demands. When there are 
difficulties performing such daily tasks, this can lead to a higher prevalence of mental health 
issues such as anxiety or depression (Caban et al., 2006; Hayes et al., 2010).  As such, return-to-
work is an important parameter to consider for quality of life, as working has known positive 
effects on mental health and quality of life (Anderson & Armstead, 1995). However, neither 
capacity nor movement strategies during work-related tasks of breast cancer survivors has been 
investigated. Better definition of these parameters would lead to better management of symptoms 
and appropriate, healthy return-to-work, which would potentially lead to improved quality of life 
and function in all aspects of life. 
2.1.5 Return-to-work in breast cancer survivors 
 
Status as a cancer survivor interacts with employment rates and other work factors. An 
investigation of several types of cancer noted that only 40% of patients continue to work during 
treatment (Short, Vasey, & Tunceli, 2005). Following treatment, cancer survivors are more likely 
to be unemployed than healthy control participants (de Boer, Taskila, Ojajarvi, van Dijk, & 
Verbeek, 2009), and only approximately two-thirds of cancer survivors return to their jobs (de 
Boer et al., 2009; Spelten, Sprangers, & Verbeek, 2002). In addition, many cancer survivors who 
do return to employment report work ability limitations in the years following diagnosis (Short et 
al., 2005). Reduced hours, role changes, or job changes are also common for survivors that return 
to work after treatment, and these changes are often considered related to cancer (Steiner, 
Cavender, Main, & Bradley, 2004). While returning to work is important for cancer survivors’ 
physical and mental health, it is clear that the majority of survivors experience problems that 
interfere with returning to employment. 
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Breast cancer survivors have a relatively high return-to-work rate, compared to return-to-work 
rates of all types of cancer. However, the results of a meta-analysis suggest that breast cancer 
survivors are still more likely to be unemployed than non-cancer controls up to 9 years following 
treatment (de Boer et al., 2009). In the first several weeks following surgery, up to 85% of 
women are absent from work (Drolet, Maunsell, Mondor, et al., 2005) and are supplementing 
their income with sick leave, long term disability, or employment insurance (Canadian Breast 
Cancer Network, 2010). Sick leave in the first three months after surgery is associated with 
lower age, strenuous work posture and physical symptoms (Wennman-Larsen et al., 2013), 
suggesting younger women in more physically intensive jobs are experiencing the highest 
economic effects of cancer. In Canada, 64% of women who received breast cancer treatment in 
the last five years had returned to work, but full time work reduced from 61% at time of 
diagnosis to 45% up to five years later (Canadian Breast Cancer Network, 2010). The long term 
return-to-work rates following breast cancer treatment range from 33% to 85% following 
treatment (Ahn et al., 2009; Drolet, Maunsell, Brisson, et al., 2005; Hoving, Broekhuizen, & 
Frings-Dresen, 2009), but return-to-work rates of 75 to 85% are reported following some type of 
rehabilitation intervention (Hoving et al., 2009). Targeted rehabilitation informed by results of 
functional, return-to-work task performance could help to raise both of these values. Due to the 
importance of return-to-work to overall health and quality of life, there is a need to address and 
improve safe work ability and subsequent return-to-work rates for breast cancer survivors. Better 
understanding of functional capacity and task performance of breast cancer survivors is the first 
step to improved assessment and treatment of return-to-work ability. 
Breast cancer survivors experience many physical symptoms following treatment that could 
affect their ability to perform their work related tasks. These physical alterations, such as 
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decreased range of motion, fibrosis, or lymphoedema, are potentially associated with kinematic 
alterations that can lead to subsequent work related injuries and more time off work that would 
then add to the financial burden already experienced by cancer survivors (Canadian Breast 
Cancer Network, 2010). Identifying pathological biomechanics displayed by breast cancer 
survivors during work-related functional tasks can help reveal how these mechanics can be 
treated to both improve the return-to-work likelihood for breast cancer survivors and prevent 
future time-loss injuries. 
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2.3 Overview of modelling methods and approach 
 
Musculoskeletal (MSK) modelling provides a framework to estimate internal loads on the human 
musculoskeletal system in in order to understand how different scenarios can influence localized 
tissue demands. MSK modelling provides insight into muscle function beyond what can be 
empirically measured. This knowledge is useful as context for effective injury prevention and 
treatment of MSK disorders.  
2.3.1 Modelling pathological shoulders 
 
Biomechanical models of the shoulder provide estimates of internal exposures caused by external 
demands. This information is often used for four main purposes: (1) to define and understand 
fundamental shoulder biomechanics; (2) to determine the effect of different tasks on shoulder 
function; (3) to determine the effect of structure differences on shoulder function; or (4) to 
determine the effect of morphological differences on shoulder function (Bolsterlee, Veeger, & 
Chadwick, 2013). For a pathological population, the goal of modelling is most often to examine 
how structural differences, caused by injury or disorder, affect function. For instance, MSK 
modelling has been used to determine how joint mechanics and muscle function change 
following rotator cuff tears (Campbell et al., 2014; Lemieux et al., 2012). Using both cadaver 
and computer simulated models, increased acromio-humeral pressures after rotator cuff tears 
were confirmed. Modelling demonstrated that increased pectoralis major and latissimus dorsi 
muscle activation can resist humeral head migration following a tear, suggesting that 
rehabilitation for rotator cuff tears should include further strengthening or training of these 
muscles (Campbell et al., 2014; Lemieux et al., 2012).  
27 
 
Following breast cancer surgery, the force capability of the pectoralis major muscle is 
comprised. Pectoralis muscle size is reduced after treatment (Shamley et al., 2007) and the 
affected side has demonstrated decreases in torque after curative surgery and immediate 
reconstruction (de Haan, Toor, Hage, Veeger, & Woerdeman, 2007). The reduction in force 
capability is a result of damage to the pectoralis muscle from the treatment. This damage can be 
because of resection or other harm to the fascia from surgery (Dalberg et al., 2010; Muscolino, 
Leo, Sacchini, Bedini, & Luini, 1988). The nerves that innervate the pectoralis muscle are also 
often damaged in curative and reconstructive surgery (Muscolino et al., 1988; Wedgwood & 
Benson, 1992). Moreover, the anterior wall muscles can experience vascular changes or scarring 
from radiation treatment (Soulen et al., 1997). There is need to investigate how shoulder function 
is affected by the damage and subsequent reduced capability of the pectoralis major muscle. 
Determining how muscle force estimates are affected by these altered structures, and potentially 
altered kinematics, can help to detect previously unknown force deficits or uncharacteristically 
high force levels that could identify dysfunction and future injury potential. 
2.3.2 Biomechanical modelling fundamentals 
 
There are three main steps involved in calculating muscle force estimates: (1) measure the 
external loads and define segment postures, (2) determine and define the tissue and joint 
properties, and (3) calculate the internal forces. The simplest way to estimate internal forces is to 
use a single muscle equivalent model. This method assumes there is only one muscle, or one 
group of muscles, with one line of action resisting the external moment. However, this approach 
does not accurately reflect the human musculoskeletal system, as there are several agonists and 
antagonists working around each joint to produce the desired movement or moment (Winter, 
2009). Additionally, there are several different combinations of muscle actions that can produce 
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the same movement or force, leading to a redundancy or indeterminacy problem (An, Kwak, 
Chao, & Morrey, 1984). In order to address these factors, there is a need to reduce the problem. 
There are a variety of different types of biomechanical models that can be used to answer a range 
of questions, and they most often use an inverse dynamic solution, meaning they predict muscles 
forces that equal the external moments. Optimization is one method to address the indeterminacy 
of muscle strategies. When optimizing, the goal is to either minimize or maximize some cost 
function (Crowninshield & Brand, 1981). For instance, the objective function of most models is 
to minimize physiological cost while still being bound by several constraints to improve 
physiological accuracy, such as equilibrium, stability, or cross sectional area and capacity of the 
muscles (Challis, 1997; Crowninshield & Brand, 1981; Dickerson, Chaffin, & Hughes, 2007; 
Dul, Johnson, Shiavi, & Townsend, 1984).  
This thesis used a previously developed musculoskeletal model, called the Shoulder Loading 
Analysis Module (SLAM) (Dickerson et al., 2007). This model uses an inverse dynamics 
approach and requires external loads or forces and certain segment parameters be measured. This 
information, along with measured kinematic data, are inputs into the model. The cost function is 
to minimize the sum of the cubed muscle stresses and the model includes translational and 
rotational multi-joint equilibrium and stability constraints (Dickerson et al., 2007). This model 
has previously been used on a breast cancer survivor population; it was determined that reducing 
the force capacity of the pectoralis major (sternal and clavicular heads) resulted in general 
agreement of muscle force predictions (in the form of % of capacity) compared to EMG 
measurements for static external rotation exertions (Chopp-Hurley, Brookham, & Dickerson, 
2016). The use of this model in the current set of studies will further test its ability to model the 
muscle dysfunction in breast cancer survivors and continue to work towards understanding the 
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adaptive muscle strategies used by this group. Any differences in kinematics can be directly tied 
to differences in muscle force predictions, providing unprecedented insight into breast cancer 
survivor shoulder function.  
Defining kinematic and kinetic outcomes during functional tasks performance in breast cancer 
survivors will enhance understanding of shoulder dysfunction, however, there is still a need to 
translate the information to clinicians.  
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2.4 Clinical evaluation of the shoulder 
 
Clinicians must be able to identify and interpret kinematic alterations and movement strategy 
improvements in a clinical setting when evaluating any joint or injury. With this in mind, the 
following section reviews common methods of assessing the shoulder in a clinical setting. 
2.4.1 Thoracohumeral Motion Clinical Assessment 
 
Clinical evaluation of the humerus almost exclusively involves assessment of thoracohumeral 
range of motion. Maximum arm elevation in abduction, flexion, and scaption (scapular plane 
elevation), humeral extension, and humeral internal and external rotation are often evaluated 
using observation or simple measurement tools such as goniometers and inclinometers (Hayes, 
Battistutta, & Newman, 2005). Assessment of range of motion is a relatively easy and repeatable 
evaluation method that provides some understanding of potential abilities or dysfunction, 
although accuracy and reliability depend on the measurement method used (Holm et al., 2000; 
Watkins, Riddle, & Lamb, 1991; Williams & Callaghan, 1990). There is some question 
regarding clinicians’ ability to determine the presence of arm impairment during elevation in 
different planes (Hickey, Milosavljevic, Bell, & Milburn, 2007; Lang & Milosavljevic, 2019), 
and it is not completely clear how range of motion changes relate to daily activities or functional 
task performance. 
Evaluation of thoracohumeral motion during more complex, functional tasks does take place in 
return-to-work assessments, most often through observation. However, observation guidelines 
for upper limb focused Functional Capacity Evaluation (FCE) tasks are limited and vague 
(Trippolini et al., 2014), so clinicians have inadequate guidance for determining potentially 
harmful movements or kinematics that are characteristic of arm impairment. This author’s 
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previous work attempted to improve the understanding of motion during FCE tasks by creating a 
normative kinematic dataset from a young, healthy sample that can be used for comparison of a 
patient’s kinematics (Lang & Dickerson, 2017b). However, it has not yet been determined how 
different pathological shoulder groups may perform these standard return-to-work evaluation 
tasks. 
2.4.2 Scapular Motion Clinical Assessment 
  
A variety of measurement and assessment methods exist that attempt to aid clinicians with 
evaluation of scapular motion, although this is often difficult to do in a clinical setting. Most 
methods focus on identifying ‘scapular dyskinesis’, or altered scapular motion or positioning, as 
there is evidence that dyskinesis is related to shoulder pain or impairment (Kibler et al., 2013). 
Nearly all tests involve assessment during arm elevation. The most basic tests involve measuring 
the distance between pre-determined anatomical landmarks during a relaxed position and then 
again in retraction to determine potential pectoralis shortness, which is associated with poor 
scapular posture and increased scapular winging (da Costa et al., 2010; Ludewig et al., 2009; 
Nijs, Roussel, Struyf, Mottram, & Meeusen, 2007; Nijs, Roussel, Vermeulen, & Souvereyns, 
2005; Struyf et al., 2012). Another test, the lateral scapula slide test, is based on this same 
concept (Kibler, 1998; Odom, Taylor, Hurd, & Denegar, 2001; Struyf et al., 2012).  Scapular 
upward rotation position during arm elevation is another common measure of dyskinesis. This 
method utilizes inclinometers affixed to the humerus and the scapula; the patient is then 
instructed to elevate their arm to specific levels, as determined by the humerus inclinometer, and 
then the level of upward rotation is read from the second inclinometer (L. J. Johnson & Miller, 
2001; Struyf et al., 2012; Watson, Balster, Finch, & Dalziel, 2005). This test provides insight 
into scapulohumeral rhythm (Bagg & Forrest, 1988). Finally, winging of the scapula during 
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static pressing is another common outcome of clinical assessment. Scapula winging has been 
defined as when the medial border and/or inferior angle of the scapula are posteriorly displaced 
away from the posterior thorax (McClure, Tate, Kareha, Irwin, & Zlupko, 2009) and indicates 
weakness or inefficient activation of the serratus anterior muscle (Nijs et al., 2007). This is often 
tested by observing medial border prominence during forward flexion or performance of a wall 
push (Khadilkar, Chaudhari, Soni, & Bhutada, 2015; McFarland, Garzon-Muvdi, Jia, Desai, & 
Petersen, 2010). 
Scapular dyskinesis during dynamic movement is most often evaluated visually. The 4-type 
method for categorizing scapular dyskinesis involves observing the scapular border position at 
rest and during elevation (Kibler et al., 2002). Three types of scapular movement patterns 
indicate asymmetries and one type describes symmetric motion: a Type I pattern displays 
excessive prominence of the inferior angle of the scapula, Type II involves prominence of the 
entire medial scapular border, Type III demonstrates excessive superior migration of the superior 
scapular border, while normal, symmetrical motion is designated Type IV  (Kibler et al., 2002; 
Uhl, Kibler, Gecewich, & Tripp, 2009).  A simplification of this method, called the yes/no 
method, collapses Types I-III into one category, ‘yes’, if any type of dykinesis was observed, and 
Type IV is relabeled ‘no’ to represent normal motion (Uhl et al., 2009).  
These scapular evaluations all occur during static and dynamic basic arm elevation. This is the 
prevailingmethod for assessment, and many of the tests explained above (the scapular 
positioning measurements, upward rotation evaluation, the LSST, and the 4-type and yes/no 
observation methods) demonstrate good agreement and reliability (Kibler et al., 2002; Nijs et al., 
2007, 2005; Odom et al., 2001; Uhl et al., 2009; Watson et al., 2005). Both the measurement and 
external validity of these tests are not well established, bringing into question the usefulness of 
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these assessments during a clinical evaluation (Nijs et al., 2007). Functional task evaluation is 
more complex, but considering the lack of consensus about the utility of these evaluation 
methods, exploration of scapular positioning during functional tasks is warranted. 
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2.5 Literature Review Conclusion 
 
It is well established that shoulder dysfunction is prevalent in breast cancer survivors. Arm 
limitations following breast cancer treatment range from decreases in shoulder range of motion 
and shoulder strength to increases in arm swelling and pain. These arm morbidities are also 
associated with other upper limb injuries, particularly rotator cuff disease, but the link between 
the treatment side effects and further injury is not yet established. There is some evidence to 
suggest that shoulder biomechanics are altered following treatment, potentially with similar 
alterations as individuals with rotator cuff disorder, but there is minimal information regarding 
shoulder biomechanics in functional tasks. Identifying common biomechanical alterations in 
functional tasks that are performed regularly at work or at home will highlight movement 
strategies that can lead to further injury and disability if not appropriately addressed. Further, 
estimating muscle forces for all muscles surrounding the shoulder will provide insight into why 
these biomechanical alterations are present (i.e. identifying muscle weaknesses). Taken together, 
these kinematic data and muscle force estimates can guide rehabilitation and return-to-work 
programs. However, for this information to be used by clinicians, they have to be able to identify 
or observe the altered biomechanics at the shoulder. Shoulder and scapular movement is most 
often evaluated during arm elevation, but it is not clear if this is a sufficient method to determine 
kinematic alterations during functional tasks. Characterizing the relationship between kinematics 
during arm elevation and functional tasks will address this disconnect between daily task 
performance and clinical evaluation. 
The first step to achieving these objectives is to confirm the utility of the proposed method for 
scapular motion measurement. The AMC was used to track the motion of the scapula. This 
strategy has been used in previous research, but most investigations have had young, active, 
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impairment-free participants (Karduna et al., 2001; Maclean et al., 2014; van Andel et al., 2009). 
To enhance confidence in kinematic, kinetic, and clinical results, the AMC accuracy was 
assessed in the current sample. The first manuscript of this thesis is comprised of this 
investigation. 
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3.1 Abstract  
 
Introduction: The acromion marker cluster (AMC) is a non-invasive scapular motion tracking 
method. However, it lacks testing in clinical populations, where unique challenges may be 
present. This investigation resolved the utility of the AMC approach in a compromised clinical 
population. 
Methods: The upper body of breast cancer survivors and controls were tracked via motion 
capture and scapular landmarks palpated and recorded using a digitizer at static neutral to 
maximum elevation postures. The AMC tracked the scapula during dynamic maximum arm 
abduction. Both single (SC) and double calibration (DC) methods were applied to calculate 
scapular angles. The influences of calibration method, elevation, and group on mean and 
absolute error with two-way fixed ANOVAs with interactions (p<0.05). Root mean square errors 
(RMSE) were calculated and compared. 
Results: DC improved AMC estimation of palpated scapular orientation over SC, especially at 
higher arm elevations; RMSE averaged 11° higher for SC than DC at maximum elevation, but 
the methods were only 2.2° different at 90° elevation. DC of the AMC yielded mean error values 
of ~5-10°. These approximate errors reported for AMC with young, lean adults. 
Conclusions: The AMC with DC is a non-invasive method with acceptable error for measuring 
scapular motion of breast cancer survivors and age-matched controls.  
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3.2 Introduction 
 
Scapulothoracic motion is critical for shoulder function. The scapula, clavicle, and thorax form 
the shoulder girdle and together with the humerus create a closed kinematic chain, in which bony 
orientations depend on one another. This relationship is referred to as the “shoulder rhythm”. 
Often only the two-dimensional (2-D) aspect of the shoulder rhythm, the ratio of humeral 
elevation to scapular upward rotation, is considered when assessing shoulder motion in a clinical 
setting (Bagg & Forrest, 1988; M. P. Johnson, McClure, & Karduna, 2001). While 2-D shoulder 
rhythm can be a useful clinical measure, true shoulder motion is more complex and incorporates 
three-dimensional (3-D) aspects that still need to be investigated further, especially in non-
typical groups.  
Alterations in scapulothoracic motion are associated with upper limb pathologies. Breast cancer 
survivors often experience upper limb dysfunction, and possible scapulothoracic kinematic 
alterations. Upper limb limitations in the form of reduced shoulder range of motion, reduced 
strength, and increased pain, among others, are well documented in breast cancer survivors 
(Assis et al., 2013; Hack et al., 1999; Lang, Murphy, Dickerson, Stavness, & Kim, n.d.). 
However, scapulothoracic motion changes and their implications have not been conclusively 
determined. Previous investigations have reported changes in all three scapulothoracic degrees of 
freedom; post-treatment shoulders have demonstrated increased protraction (Borstad & Szucs, 
2012), increased upward rotation (Crosbie et al., 2010), or increased posterior tilt (Shamley et al., 
2008), with differences ranging from 5-15°. Overall, description of scapulothoracic motion 
changes in breast cancer survivors are inconclusive, which may be a function of varying methods 
and procedures. Determining the implications of motion capture measurement choices for 
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describing scapulothoracic kinematics in breast cancer survivors could help to standardize 
methods and improve interpretation of results. 
Accurately measuring scapulothoracic motion for both typical and pathological human 
movement has presented a challenge for biomechanical researchers. Pins surgically placed in 
bones (Braman et al., 2009; Ludewig et al., 2009; McClure, Michener, Sennett, & Karduna, 
2001) are the gold standard for motion capture, but this strategy is not feasible for most data 
collections, particularly with a clinical population. Various non-invasive scapular tracking 
methods exist to address the need for scapular kinematics for movement evaluation and inputs 
into MSK models, including the scapular locator (Barnett, Duncan, & Johnson, 1999; Meskers, 
Vermeulen, De Groot, Van Der Helm, & Rozing, 1998) and the acromion marker cluster (AMC) 
(Karduna et al., 2001; Maclean et al., 2014; van Andel et al., 2009; Warner, Chappell, & Stokes, 
2012). While the locator is currently considered to be the most accurate non-invasive method 
(Cutti & Veeger, 2009), the locator can only provide information about static scapular 
orientations, as it needs to be repositioned with every movement, similar to the palpation method 
(Maclean et al., 2014). The AMC is placed on the flat part of the acromion and has the capability 
to track dynamic scapular motion (Maclean et al., 2014). Up to 120° of arm elevation, the AMC 
demonstrated good agreement with bone pins (Karduna et al., 2001), but past this level, errors 
can increase to up to 20°. Improved calibration methods may increase AMC accuracy at higher 
levels of arm elevation (Brochard, Lempereur, & Rémy-Néris, 2011). However, most 
examinations of validity have only recruited young and healthy volunteers (Karduna et al., 2001; 
Maclean et al., 2014; Meskers, van de Sande, & de Groot, 2007; Rapp, Richardson, Russo, Rose, 
& Richards, 2017; van Andel et al., 2009; Warner et al., 2012).The AMC has not been tested 
with clinical populations, who can present further challenges with data collection, due to 
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movement restrictions, comfort levels, and different body compositions compared to a young, 
healthy group.   
The objective of this study was to test the accuracy of the AMC approach for scapula motion 
tracking and to determine its ability to track scapular motion in a clinical population. A 
secondary aim was to compare two calibration methods of the AMC to determine a preferred 
approach for AMC use. 
3.3 Methods 
 
A cross sectional lab-based comparison of scapular angles calculated from static palpations and 
dynamic tracking with AMC for two groups was used to assess the ability of the AMC to track 
scapular motion. 
3.3.1 Participants  
 
Fifty participants contributed to the study: 25 breast cancer survivors and 25 age group-matched 
controls (Table 2.1). All participants were females between the ages of 35 and 65. Inclusion 
criteria required breast cancer survivors to have had either unilateral or bilateral mastectomy at 
least six months prior to participation. Controls were required to have no known current upper 
limb impairments. Upon arrival, participants were evaluated with three common impingement 
tests: Neers’ sign, Hawkins-Kennedy, and empty can (Calis, 2000; Moen, de Vos, Ellenbecker, 
& Weir, 2010). A positive result on any test warranted exclusion from the control group. The 
study protocol was approved by the University of Saskatchewan Research Ethics Board and all 
participants provided written informed consent. 
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Table 3.1: Participant demographics. Disability score (QuickDASH) was the only 
significant difference between the groups. 
Measure 
Control 
(n = 25) 
Mean (SD) 
Breast cancer survivors 
(n = 25) 
Mean (SD) 
Age 51.6 (6.9) 54.1 (5.2) 
Weight (kg) 68.7 (11.8) 72.4 (15.3) 
Height (m) 1.62 (0.08) 1.61 (0.06) 
BMI (kg/m2) 26.2 (4.8) 27.4 (6.5) 
QuickDASH (/100) 4.7 (6.3)* 16.7 (10.6)* 
Time since mastectomy 
(months) 
n/a 56.8 (4.7) 
*denotes significant difference between the groups based on t-test  (p<.05). 
 
3.3.2 Instrumentation 
 
Position of the thorax, upper arms, and scapulae were tracked with ten Vicon MX20 
optoelectronic cameras. Individual markers were affixed to the skin at thorax and humeral 
anatomical points per International Society of Biomechanics recommendations (G. Wu et al., 
2005) (Table 3.2) and rigid clusters for additional tracking markers were placed on the thorax 
and humeri (Figure 3.1). Scapulae anatomical points were digitized during static positions and 
movement of the scapula was tracked with the AMC during dynamic motions (Maclean et al., 
2014). Data were sampled at 50 Hz. 
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Figure 3.1: Marker set up of the upper body from a posterior view.  Circles indicate the 
location of the AMC. 
  
Table 3.2: Landmark locations of anatomical markers 
Marker Description 
SS Suprasternal notch 
C7 Spinous process of the 7th cervical vertebra 
XP Xiphoid Process 
T8 Spinous process of the 8th thoracic vertebra 
AA*§ Acromial Angle (most latero-dorsal point of the 
scapula) 
TS*§ Trigonum Spinae Scapulae (root of scapular 
spine) 
IA*§ Inferior angle of the scapula 
ME* Medial epicondyle of the humerus 
LE* Lateral epicondyle of the humerus 
*indicates bilateral placement 
§indicates location of digitized anatomical points on the 
scapulae 
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3.3.3 Procedure 
 
Calibration of the thorax and humeri was performed immediately after equipment set up, 
followed by static scapular palpations. Participants were asked to stand comfortably while the 
scapular resting position was palpated and digitized on both sides (Figure 3.2). Scapula 
orientation at 90° of arm elevation in the frontal plane, as measured by a goniometer, and at 
maximum arm elevation were digitized for all participants while standing with the elbow 
extended, alternating between the right and left side. To expand the dataset while also managing 
time and resources, for the last 12 breast cancer survivor participants scapular orientation at 30°, 
60°, and 120° of humeral elevation were also digitized for both sides. Static scapular angles were 
calculated for each elevation level using digitized points, while only digitized points at rest and 
maximum were used for calculation of angles in dynamic measurements. Humeral elevation 
levels were chosen to correspond to previous investigations of scapular motion tracking 
(Karduna et al., 2001; van Andel et al., 2009). 
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Figure 3.2: Digitization of the inferior angle of the scapula at neutral. 
 
 
Dynamic arm elevations were performed in the frontal plane while standing. Arm motion was 
guided by an upright pole to keep the arm in the correct plane. Participants were instructed to 
raise their arm as high as they could and then lower to the starting position at a comfortable pace, 
an approximate average of four seconds. The elbow was extended and palm faced forward 
throughout the movement. 
3.3.4 Analysis 
 
Motion capture data were used to calculate scapular and humeral angles. All data were filtered 
with a low-pass zero-lag fourth order Butterworth filter with a cut-off frequency of 6 Hz. 
Humeral elevation was defined as the angle between the long axis of the humerus and long axis 
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of the thorax to ensure that elevation angle calculations were not affected by rotation sequence, 
while Euler angles using the YXZ rotation sequence (G. Wu et al., 2005) were used to describe 
scapulothoracic rotations. For static palpations, scapular orientation was calculated at each 
position using the digitized points. Humeral elevation was also calculated at each static position 
and dynamic trials were resampled based on these values: scapular orientation from the frames in 
the dynamic trials in which humeral elevation angle was within +/-2 degrees of humeral 
elevation in the static positions were selected for comparison. Elevation levels are referred to as 
goniometer measurements (30°, 60°, 90°, 120°) for parsimony, but actual humeral elevation 
levels are noted in the results (Table 2). Two calibration methods were used to evaluate scapular 
angle in dynamic trials: single calibration (SC), using only the palpated scapula landmarks in 
relation to the AMC while standing in neutral, and double calibration (DC), which used scapula 
orientation in relation to the AMC at neutral and maximum arm elevation (Brochard et al., 2011; 
Rapp et al., 2017). The two positions palpated in the DC method were considered the maximum 
and minimum values, and the AMC to scapula transformation matrices were then interpolated 
between the two points based on humerothoracic elevation (Rapp et al., 2017) to calculate 
scapular angles throughout dynamic motions. 
Error of the AMC was calculated as scapular angle during dynamic trials minus scapular angle at 
palpation, meaning a positive difference indicates an over estimation by the AMC. Eighty-four 
out of the 2,112 angles were excluded due to motion capture error or because humeral elevation 
was not in the +/-2° range of humeral elevation. Mean error, absolute mean error, and root-mean-
square error (RMSE) were then calculated for both methods. 
Two separate analyses were performed due to the subset of participants that were tested at all 
elevation angles. A three-way ANOVA with interactions was used to test the influence of 
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calibration (single vs double), elevation (90˚, maximum), and group (breast cancer survivors 
breast cancer survivors vs controls) on mean and absolute error of all 50 participants. For the 
subset of 12 participants that were tested at all five elevation levels, all of which were breast 
cancer survivors, a two-way ANOVA with interactions was used to test the effects of calibration 
and elevation (30˚, 60˚, 90˚, 120˚, maximum) on errors. Post-hoc Tukey HSD was used to 
confirm significant differences at the p ≤ 0.05 level.  
3.4 Results 
 
3.4.1 Calibration and elevation interaction 
 
Mean upward rotation angle error was affected by the interaction of calibration method and 
elevation. This interaction is best shown by the data from all participants at 90° and maximum 
elevation; errors at 90° and maximum elevation levels were only different when using SC, while 
errors between calibration methods differed at each elevation level (p= .028) (Figure 3.3). 
Calibration method and elevation angle also interacted to influence absolute errors at all degrees 
of freedom (p < .001). Absolute errors were different between calibration methods at the higher 
arm elevations (Figure 3.4).  
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Figure 3.3: Mean error at 90° and maximum arm elevation for all participants.  
+ denotes significant interaction of calibration method and elevation angle 
* denotes significant main effect of calibration method. 
 
 
There was also a main effect of calibration method for all angles (p<.001); mean errors were 
larger using SC, with the largest error of 10.7° occurring for upward rotation at maximum 
elevation when using SC (Figure 3.3). When using SC, absolute errors increased with elevation 
angle, whereas errors were all within approximately a 5° range when using DC (Figure 4). 
Similar to mean error results, SC at maximum elevation resulted in consistently largest error. 
RMSE also displayed this pattern (Table 3.3). 
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Figure 3.4: Absolute mean error for protraction (top), rotation (middle), and tilt (bottom). 
Values for 90° and maximum represent all participants, while values at 30°, 60°, and 120° 
are for 12 breast cancer survivors. Single calibration (SC) error was significantly higher 
than double calibration (DC) error. *denotes significant differences. 
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Table 3.3: RMSE in degrees at each elevation level. Values at 90° and maximum include all 
50 participants, while values at 30°, 60° and 120° represent 12 breast cancer survivors. SC = 
single calibration; DC = double calibration. 
 
Angle DC SC 
Protraction 30 8.7 8.6 
Rotation 30 3.7 4.5 
Tilt 30 6.0 6.7 
Actual Thoracohumeral 
Elevation 
32.7  
Protraction 60 8.9 10.3 
Rotation 60 6.1 9.3 
Tilt 60 6.1 6.6 
Actual Thoracohumeral 
Elevation 
54.0  
Protraction 90 10.1 12.7 
Rotation 90 9.0 11.2 
Tilt 90 7.3 9.3 
Actual Thoracohumeral 
Elevation 
73.5  
Protraction 120 9.7 14.1 
Rotation 120 10.9 12.3 
Tilt 120 8.3 7.9 
Actual Thoracohumeral 
Elevation 
95.4  
Protraction Max 11.2 20.7 
Rotation Max 5.4 18.3 
Tilt Max 8.3 18.9 
Actual Thoracohumeral 
Elevation 
139  
Average RMSE   
Protraction 9.7 13.3 
Rotation 7.0 11.1 
Tilt 7.2 9.9 
 
 
3.4.2 Calibration and group 
 
Mean and absolute error levels were tested for group differences. There was no interaction or 
main effect of group. Errors were not different between breast cancer survivors and controls. 
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3.5 Discussion 
 
This is one of the first studies to test the ability of the AMC to measure scapular motion on a 
clinical population. Breast cancer survivors were compared to controls of the same age group 
and disability score was the only difference between the two groups, with breast cancer survivors 
reporting higher disability of the upper limb. Although the AMC or similar placement with 
electromagnetic motion capture has been used on non-normative groups, the motions or analyses 
were limited to 120° of humeral elevation or static poses (Borstad & Szucs, 2012; Lukasiewicz, 
McClure, Lori Michener, Praff, & Senneff, 1999; McClure et al., 2006). The results from the 
current study indicate that the AMC is a viable method for dynamic scapular tracking of a 
clinical group. 
DC generally had lower errors than SC. Scapular angle errors at maximum elevation using SC 
were higher (up to 12.9°) than errors at lower elevations and using DC. Improvements in RMSE 
when using DC coincide with a previous investigation comparing the two methods of calibration, 
although the errors in the current study are higher than reported in the aforementioned study 
(Brochard et al., 2011). Higher errors levels in the current study could be a result of methodical 
differences; during the dynamic elevations in Brochard et al. (2011), participants were asked to 
pause for 5 seconds at each elevation level used for comparison, while there were no pauses in 
the current study. 
The error values when using DC in the current study are within the range of previously reported 
data of overall AMC accuracy. This persists (Table 3.4) despite several key methodological 
differences in the current study. First, all previous comparison investigations were performed 
with young participants ranging from adolescence to early 30s (Karduna et al., 2001; Maclean et 
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al., 2014; Meskers et al., 2007; Rapp et al., 2017; van Andel et al., 2009; Warner et al., 2012), 
while the average age of the current study was 52.8 years of age. Second, other testing has 
previously used a mix of young men and women  (Karduna et al., 2001; Maclean et al., 2014; 
Meskers et al., 2007; Rapp et al., 2017; van Andel et al., 2009; Warner et al., 2012), compared to 
the all-female groupin the current study. Younger participants and the inclusion of men likely 
influenced the results; both of these factors suggest that participants in previous literature were 
leaner, although most studies did not provide height and weight information for a direct 
comparison. The sample in the current study had an average BMI of 26.8, with 30 participants 
having BMIs classified as “overweight” and 11 considered “obese” (Jensen et al., 2014), 
suggesting increased adipose tissue around the shoulder that would affect scapular motion 
tracking. Leaner participants would facilitate the palpation of scapular landmarks during static 
trials and indicate that there is less tissue present around the shoulder that could affect AMC 
movement over the acromion. However, use of the DC method appears to mitigate the possible 
body composition effect on tracking errors. Finally, the current study tested the ability of the 
AMC to track scapular motion throughout the participant’s full range of motion (average 
maximum ROM = 139° [104°, 166°]), while the AMC has largely only been tested up to 
approximately 120° (Maclean et al., 2014; van Andel et al., 2009; Warner et al., 2012). These 
results indicate that double calibration can be used above 120° and remain within currently 
accepted error levels. 
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Table 3.4: Comparison of studies that have investigated the accuracy of the AMC method 
during arm elevation, including the present study. 
Authors Method of validation 
Humeral elevation 
levels (°) 
Results 
Karduna et al. 
(2001) 
Bone pins vs AMC 
electromagnetic  
0-150 Average RMSE 
10° Pro 
4.8° UR 
7.3° PT 
Meskers et al. 
(2007) 
Locator vs AMC 
electromagnetic 
30-130 Max mean error 13° 
Van Andel et al. 
(2009) 
Locator vs AMC 
electromagnetic 
0-120 Max mean error  6° 
Warner et al. 
(2012) 
Locator vs AMC marker 
cluster – lowering 
0-120 Average RMSE 
4.0° Pro 
6.0° UR 
7.2° PT 
MacLean et al. 
(2014) 
Palpated digitizer vs AMC 
marker cluster 
10-120 Max mean error  -10.6° 
Rapp et al. (2017) Palpated orientations vs 
AMC marker cluster 
5 test positions  Max RMSE 11.8° 
Max mean error -9.6° 
Current study Palpated orientations vs 
AMC marker cluster 
30-maximum 
 
 
 
 
 
90, maximum 
Average RMSE 
9.9° Pro 
6.4° UR 
7.2° PT 
Max mean error 8.7°  
 
10.6° Pro 
7.2° UR 
7.8° PT 
Max mean error 6.1°  
AMC=__acromion marker cluster____ 
RMSE =Root mean square error 
Pro = scapular protraction/retraction 
UR = scapular upward rotation 
PT = scapular posterior/anterior tilt 
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The AMC with DC estimated scapular upward rotation the most accurately and consistently. 
Upward rotation has been identified as the most important scapular degree of freedom for 
understanding shoulder dysfunction (Fouad Fayad et al., 2008). Alterations in upward rotation 
from typical patterns has been implicated in the development of rotator cuff impingement 
(Ludewig & Reynolds, 2009) and is the most commonly evaluated movement in a clinical setting 
in order to determine scapular asymmetry or dyskinesis (M. P. Johnson et al., 2001; Kibler et al., 
2013; Struyf et al., 2012).  Changes in upward rotation are reported following breast cancer 
treatment (Crosbie et al., 2010), indicating this measure is important to track in this population. 
While definitive recommendations for other individuals with shoulder pathologies cannot be 
made from these results, satisfactory performance of the AMC for upward rotation measurement 
encourages its use for measurement and interpretation for clinical populations. 
While the error values are within the range of data reported from younger, pathology-free 
populations, the levels of error still indicate the AMC is not a perfect measurement tool. 
Differences in scapular angles in pathological groups have historically been small (McClure et 
al., 2006), and alterations caused by breast cancer treatment may be modest; changes in scapular 
angles could range from 3-12° (Borstad & Szucs, 2012; Crosbie et al., 2010; Shamley et al., 
2008). While it is unclear what magnitude of change is important during scapular movement, 
error levels of 10.6°, such as protraction RMSE for the current participants, indicate that 
differences must be substantial to confidently identify scapulothoracic kinematic compensations. 
This potentially high magnitude of detectable change could pose problems for researchers and 
clinicians alike when attempting to understand important kinematic alterations.  
Some methodical considerations limit the interpretation of these results. Scapular angles from 
dynamic trials were compared to palpations from static poses, as opposed to the gold standard of 
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bone pins. However, comparison to palpation is a method that has been used previously 
(Maclean et al., 2014; Rapp et al., 2017) to replace bone pins due to the practical and ethical 
difficultly of using pins. It should be noted, though, that comparing to static palpations 
introduces the possibility that some of the AMC error could be related to static versus dynamic 
differences (Maclean et al., 2014). The speed of arm movement was also not controlled during 
dynamic trials in the present study; participants were instructed to move at a comfortable pace. 
Finally, breast cancer survivors and age-matched controls were not directly compared to a 
younger population. It is possible that direct comparison with the same methods would 
demonstrate error magnitude differences between populations. 
3.6 Conclusions 
 
The AMC with DC supplies a low-error, non-invasive method for measurement and subsequent 
comparison of scapular orientations of breast cancer survivors and age matched controls. These 
results can help guide evaluation and interpretation of scapulothoracic kinematics of breast 
cancer survivors during dynamic task performance, ultimately providing better evidence for 
rehabilitation and treatment options for those with upper limb disorders. 
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TRANSITION FROM CHAPTER 3 TO CHAPTER 4 
 
Manuscript 1 demonstrated that scapula motion of breast cancer survivors and age-group-
matched controls can be tracked with reasonable accuracy by using the AMC with a double 
calibration technique. Testing this motion tracking method provides confidence when using this 
method to measure upper limb motion in breast cancer survivors during a variety of tasks. 
Many investigations of scapular motion for any sample, healthy or pathological, have focused on 
arm motion below 120˚ of elevation. The method outlined in the above manuscript can be used 
to measure scapular motion through full elevation and other tasks that are performed throughout 
the full arm elevation range of motion. Measured scapular data provides valuable information for 
several clinical and fundamental biomechanical questions.  
The next manuscript will examine upper limb kinematics, including scapular motion, of breast 
cancer survivors during functional task performance.  This novel research aims to define 
movement strategies in an unprecedented functional protocol to improve understanding of 
shoulder function and the biomechanical risk factors for future injury in breast cancer survivors.  
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4.1 Abstract 
 
Background: Breast cancer survivors may encounter upper limb morbidities post-surgery.  It is 
currently unclear how these impairments affect arm kinematics, particularly during functional 
task performance. This investigation examined upper body kinematics during functional tasks for 
breast cancer survivors and an age-matched control group. 
Methods: Fifty women (aged 35-65) participated: 25 breast cancer survivors who had undergone 
mastectomy and 25 age-range matched controls. Following basic clinical evaluation including 
shoulder impingement tests, motion of the torso and upper limbs was tracked during six upper 
limb-focused functional tasks from which torso, scapular, and thoracohumeral angles were 
calculated. Between-group differences were evaluated with independent t-tests (p<0.05). The 
breast cancer group was then divided based upon impingement tests and differences between the 
three new groups were tested with one-way ANOVAs (p<0.05). 
Findings: Breast cancer survivors had higher disability scores, lower range of motion, and lower 
performance scores. The largest kinematic differences existed between the breast cancer 
survivors with impingement pain and the two non-pain groups. During overhead tasks, right peak 
scapular upward rotation was significantly reduced (Cohen’s d = 0.80-1.11) in the breast cancer 
survivors with impingement pain. This group also demonstrated trends of decreased peak 
humeral abduction and internal rotation at extreme postures (Cohen’s d=0.54-0.78). These 
alterations are consistent with kinematics considered high risk for rotator cuff injury 
development. 
Interpretation: Findings suggest that impingement pain in breast cancer survivors influences 
functional task performance and may be more important to consider than self-reported disability 
when evaluating pain and potential injury development.  
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4.2 Introduction  
 
Breast cancer survivors often experience upper limb functional deficits. Problems such as 
reduced range of motion, reduced strength, lymphoedema, and pain are common following 
surgery and can last for years after curative treatment (Hack et al., 1999; Sagen et al., 2014). The 
presence of arm limitations suggest potential biomechanical changes at the shoulder that could 
affect abilities and increase risk of future injury, supported by the higher rates of secondary 
morbidities present in breast cancer survivors compared to non-cancer controls (Borstad & 
Szucs, 2012; Shamley et al., 2012; Yang et al., 2010). In particular, it has been hypothesized that 
breast cancer survivors are at increased risk of developing rotator cuff disease, which for this 
paper will be used as a term encompassing a wide range of tendinopathies of the rotator cuff, 
including subacromial impingement and related pain of the shoulder (Ebaugh et al., 2011; Yang 
et al., 2010). While this relationship has yet to be conclusively demonstrated, there is evidence 
that upper limb dysfunction during early recovery from breast cancer treatment is associated with 
high rates of rotator cuff disease in the longer term (Yang et al., 2010), suggesting this 
relationship warrants further investigation. 
Rotator cuff disease is the most prevalent musculoskeletal disorder of the shoulder (Mitchell, 
Adebajo, Hay, & Carr, 2005). Symptomatic rotator cuff disease causes pain and motion 
restriction (Yamaguchi et al., 2000) and is associated with altered kinematics of the shoulder. 
Individuals diagnosed with rotator cuff disease generally demonstrate decreased upward rotation, 
decreased posterior tilt, and increased internal rotation and elevation of the scapula (Lin, Kim, & 
Yang, 2006; Ludewig & Cook, 2000; Ludewig & Reynolds, 2009). Increased humeral internal 
rotation is also associated with rotator cuff disease. Similar kinematic strategies exist in breast 
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cancer survivors (Borstad & Szucs, 2012; Brookham et al., 2018a; Shamley et al., 2008), 
suggesting a predisposition to rotator cuff disease development which can exacerbate arm 
dysfunction. 
Shoulder kinematic investigations predominantly examine arm elevation. Indeed, few studies 
exist on shoulder kinematics of breast cancer survivors during arm-focused functional tasks 
(Brookham et al., 2018a; Spinelli, Silfies, Jacobs, Brooks, & Ebaugh, 2016), and none reporting 
kinematics during functional, return-to-work specific tasks for any shoulder pathological groups. 
Due to known range of motion and strength challenges reported by breast cancer survivors, they 
may adopt altered compensatory movement strategies to complete functional tasks (Côté et al., 
2005; Hamill, Van Emmerik, Heiderscheit, & Li, 2009). These potential strategies could then 
overload other tissues that are usually not involved. For instance, individuals with shoulder pain 
often decrease shoulder range of motion but increase trunk motion to complete reaching 
movements (Lomond & Côté, 2011; McClure et al., 2006; Roy et al., 2008).  Identifying 
potentially high-risk movement strategies allows for improved treatment and evidence-based 
return-to-work recommendations. 
Improved characterization of shoulder movement strategies during work-related functional tasks 
will not only improve primary understanding of shoulder biomechanics of breast cancer 
survivors, but also provide direction for rehabilitative and return-to-work recommendations 
following breast cancer treatment. Comparing kinematics of breast cancer survivors and non-
cancer control groups can reveal the presence of alterations related to future injury risk. Thus, the 
purpose of this study was to define torso and shoulder kinematics during common arm-centric, 
goal-directed tasks and compare them between breast cancer survivors and non-cancer control 
groups. It was hypothesized that breast cancer survivors would use different kinematic strategies; 
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particularly, breast cancer survivors would decrease the contribution of the shoulder and increase 
torso range of motion (Lomond & Côté, 2011), while also demonstrating scapular and humeral 
alterations consistent with rotator cuff disease.  
4.3 Methods 
 
4.3.1 Participants 
 
Fifty women participated: 25 breast cancer survivors and 25 age-group-matched controls. All 
participants were aged 35-65 years. Breast cancer survivors who were diagnosed with either 
unilateral or bilateral cancer and had undergone mastectomy surgery at least 6 months prior to 
participation were recruited from the community. Breast cancer survivors who had breast 
reconstruction of any type were excluded. The control group consisted of a convenience sample 
of women who were free from upper limb impairments. Although participants were not 
prospectively recruited based on evidence of pain, the presence or absence of impingement pain 
in both groups was confirmed with a series of clinical tests (Neers’ Impingment test, Hawkins-
Kennedy Impingement, and empty can test) (Calis, 2000; Moen et al., 2010). A positive result on 
any test warranted exclusion from the control group. Other exclusion criteria for both groups 
included: previous shoulder surgery, inability to raise arms overhead, and allergies to rubbing 
alcohol or skin adhesives. 
4.3.2 Instrumentation 
 
Motion of the thorax, scapulae, humeri, and pelvis was tracked using 10 VICON MX20 (Vicon 
Motion Systems, Oxford, UK) optoelectronic infrared cameras positioned around the collection 
space. Thirty-six reflective markers were placed on the torso and upper extremity in the form of 
individual markers and rigid clusters, with an extra six virtual markers representing the 
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anatomical points of the scapulae. An acromial marker cluster (AMC) was used to track the 
scapula (Lang, Kim, Milosavljevic, & Dickerson, 2019). All individual markers were placed at 
anatomical points based on International Society of Biomechanics recommendations (G. Wu et 
al., 2005). The collection space was calibrated prior to each collection and position of the 
markers were sampled at 50 Hz.  
4.3.3 Experimental Protocol 
 
Prior to testing, participants provided informed consent and completed the Quick Disability of 
the Arm, Shoulder and Hand (QuickDASH) and the Physical Activity Readiness Questionnaire 
(PAR-Q). Next, participants were equipped with markers for motion capture. The AMC was 
calibrated with a double calibration method involving digitization of anatomical points with the 
arm at neutral and maximum elevation (Brochard et al., 2011; Lang, Kim, et al., 2019). 
The experimental protocol included six work-related functional tasks. The functional activities 
were chosen to represent tasks that are commonly used to evaluate the upper limb in a clinical 
environment, specifically for return-to-work. This selection of tasks tests the whole upper limb, 
including speed and coordination of arm and hand movement, gross movement of the fingers, 
hands and arms, functional strength, and postural tolerance (Reneman, Soer, & Gerrits, 2005; 
Soer et al., 2009), combined with assessment of kinematics in three planes of motion. There is no 
universal standard for assessment of upper limb function, but this task battery covers the main 
aspects that are often evaluated for return-to-work. The reliability of most tasks is established 
(Reneman et al., 2005) and they are easily and safely administered in the lab setting with 
equipment that is readily available to researchers and clinicians alike. The functional task 
procedures were similar to those reported in Lang and Dickerson (Lang & Dickerson, 2017a, 
2017b), with minor differences in equipment height and subtask selection. The tasks were 
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performed in the same order for each participant, to mimic a return-to-work evaluation as closely 
as possible (Table 4.1).  
Table 4.1: Order of task performance for each collection. All subtasks were performed 3 
times unless otherwise specified. 
Order Task Subtask/Set up 
1 Overhead reach  Right hand 
- Unloaded 
- Loaded 
 Left hand 
- Unloaded 
- Loaded  
2 Repetitive reach  Right hand 
 Left hand 
3 Fingertip dexterity  Right hand 
 Left hand 
 Both hands 
4 Hand and forearm dexterity  Right hand 
 Left hand 
5 Waist to overhead lift  Three sets of five  
6 Overhead work  As long as possible (15 
minute cap) 
 
The first task was the overhead reach. Participants sat in front of a set of shelves and reached 
towards a target on a shelf that was centred in front of their body, 1.5 m off the ground 
(Brookham et al., 2018a). The reach was performed both unloaded and holding a 1 kg load. Each 
reach was performed one arm at a time, with three repetitions for each arm.  
The repetitive reaching task required two bowls positioned at the wingspan of each participant 
while sitting (Reneman et al., 2005). Thirty marbles were placed in one bowl and the participant 
was ask to move the marbles horizontally, one at time, from one bowl to the other as quickly as 
possible. Marbles were always moved from right to left, three times with each hand. The time to 
complete the three sets was averaged and recorded as a performance measure.  
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The Purdue Peg Board Test was used for the fingertip dexterity task (Lafayette Instrument, 
2002). The participant sat in front of the peg board and placed the pins as quickly as possible into 
the holes for 30 seconds in three subtasks: right hand, left hand, and both hands. Each subtask 
was repeated three times. The final performance measure was the average number of pegs for the 
three sets of each subtask. 
The Minnesota Manual Dexterity Test placing test was used for the hand and forearm dexterity 
task (Lafayette Instrument, 1998).  Participants were required to move blocks into a board in a 
predetermined pattern as quickly as possible.  This placing task traditionally only requires the 
use of the dominant hand, but to test the effects of potential lateralized impairments, both hands 
were tested. The performance measure was the average time of all three sets of each subtask. 
The next task in the evaluation protocol was the overhead lift. This lifting procedure traditionally 
requires the patient to do four sets of lifts with increasing intensity until a maximum is reached 
(Reneman et al., 2005). For this data collection, participants only performed lifts at one intensity; 
the load was set to 8 kg, equal to 50% of the maximum capacity of the normative dataset 
collected by Lang & Dickerson (Lang & Dickerson, 2017b). While standing, each participant 
lifted a standard sized milk crate with both hands from a shelf set to waist height to a shelf set at 
forehead height. This movement was repeated five times. Three sets were performed to remain 
consistent with the rest of the protocol.  
Finally, the prolonged overhead work task required participants to manipulate objects at their 
forehead height until exhaustion. Participants were asked to stand in front of the forehead height 
shelf wearing 1 kg cuff weights. They manipulated nuts and bolts at the height of the shelf until 
they could no longer hold the desired position (Reneman et al., 2005).  
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4.3.4 Data Processing 
 
Kinematic data were processed with a custom MATLAB® code. All raw kinematic data were 
filtered with a low-pass, zero-lag, fourth-order Butterworth filter with a 6 Hz cut-off (Winter, 
2009). The filtered data were used to create local coordinate systems of each segment. The 
glenohumeral joint was calculated as 60 mm below the acromion parallel to the Y vector of the 
torso (Nussbaum & Zhang, 2000). 
Joint coordinate systems were used to describe clinically relevant rotations. Torso (defined as the 
thorax relative to pelvis) rotations were extracted using the Z-X’-Y” Euler sequence and were 
described as flexion/extension, lateral flexion/extension, and axial rotation (G. Wu et al., 2005). 
Thoracohumeral (humerus relative to the thorax) rotations were calculated with the X-Z’-Y” 
sequence and were described as abduction/adduction, flexion/extension, and internal/external 
rotation (Phadke, Braman, LaPrade, & Ludewig, 2011). Right thoracohumeral 
abduction/adduction and left internal/external rotation were adjusted so abduction and internal 
rotation were always positive. Scapula (scapula relative to torso) rotations used the Y-X’-Z” 
Euler sequence and were described as protraction/retraction, upward/downward rotation, and 
anterior/posterior tilt. Right rotation was adjusted so upward rotation was always positive. 
Cycles during each task were identified using equipment reference markers (similar to Lang & 
Dickerson (Lang & Dickerson, 2017a, 2017b)). An equipment calibration was performed prior to 
task performance, during which reflective markers were placed at the position of the equipment 
(i.e. the bowls for the repetitive reaching task, the shelves for the overhead lift, etc.). Cycles were 
then identified by locating when the hand markers passed the position of the marker in the 
direction of movement. For the repetitive reach, fingertip dexterity, and hand and forearm 
dexterity tasks, a movement cycle was defined as the time during which the arm moved from the 
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starting position and back. For the overhead reach and overhead lift, a cycle was defined as the 
time during which participants moved their hand or the load from the low shelf placed it on the 
high shelf. The overhead work had no defined cycles, so the first and last 30-second sections 
were analyzed. 
4.3.5 Statistical Analysis 
 
Descriptive statistics (mean, maximum, and minimum values) for all angles were calculated for 
each participant and task. Independent t-tests were used to test the effect of group on each 
outcome variable. Main effects were assessed at the 5% significance level. A post-hoc analysis 
division of breast cancer survivors by impingement pain was performed to determine the effects 
of pain on breast cancer survivor movement; one-way fixed-effect ANOVAs were used to test 
the effects of impingement pain on each shoulder angle variable for controls and the two breast 
cancer groups and post-hoc Tukey HSD were used to confirm significant differences. 
4.4 Results 
 
Breast cancer survivors presented with several clinically important differences in personal 
characteristics compared to non-cancer controls. While age, height, and weight were not 
different between the two groups, breast cancer survivors reported higher disability scores and 
demonstrated reduced humeral elevation and extension range of motion (Table 4.2). Thirteen 
breast cancer survivors reported pain on at least one impingement screening test, for a total of 17 
shoulders with at least one positive (BC+). Finally, breast cancer survivors had lower 
performance scores on all functional tasks than controls; when divided by presence of 
impingement pain (BC- or BC+), BC+ performance scores were consistently the lowest (Table 
4.3).  
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Table 4.2: Participant demographic and clinical information for controls and breast cancer 
survivors with (BC+) and without (BC-) impingement pain. 
 
Control (n = 25) 
Mean (SD) 
BC - (n = 12) 
Mean (SD) 
BC + (n=13) 
Mean (SD) 
p 
Age 51.6 (7.0) 52.8 (5.4) 55.2 (5.0) .244 
Height (m) 1.62 (0.08) 1.61 (0.07) 1.61 (0.04) .769 
Weight (kg) 68.7 (11.8) 75.8 (17.4) 69.1 (13.1) .308 
Dominance (R/L) 23/2 12/0 13/0 - 
DASH (/100)* 4.7 (6.3) 14.4 (13.4) 18.9 (7.0) .000 
Neers’ sign (# of +ves) 0 0 4 - 
Hawkins-Kennedy 
(# of +ves) 
0 0 6 - 
Empty can (# of +ves) 0 0 10 - 
Elevation range of 
motion (°)* 
150.4 (12.3) 141.4 (34.7) 146.8 (14.1) .011 
Extension range of 
motion (°)* 
48.2 (13.8) 32.3 (13.3) 39.3 (16.9) .000 
Surgery side (R/L) - 10/9 9/8  
Lymph node removal 
(/25) 
- 11 13 - 
Chemotherapy (/25) - 10 10 - 
Radiation (/25) - 7 8 - 
Time since surgery 
(months) 
- 42.5 (41.6) 70.0 (39.7) .105 
*denotes significant difference between both breast cancer survivors groups and controls from one-
way ANOVA (p<.05) 
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Table 4.3: Performance results for controls and breast cancer survivors with (BC+) and 
without (BC-) impingement pain.  
Task 
Control  
(n = 25) 
Mean (SD) 
BC –  
(n = 12) 
Mean (SD) 
BC +  
(n=13) 
Mean (SD) 
Sig. 
Repetitive reaching right * (s) 53.6 (6.6) 56.0 (6.2) 61.4 (8.8) .011 
Repetitive reaching left * (s) 52.5 (6.3) 58.2 (7.9) 62.5 (10.2) .002 
Fingertip dexterity right § (# 
pins) 
17.1 (1.9) 17.1 (1.8) 15.3 (1.7) .011 
Fingertip dexterity left § (# 
pins) 
16.6 (1.5) 16.1 (1.5) 14.6 (2.2) .004 
Fingertip dexterity both § (# 
pins) 
13.5 (1.5) 13.7 (1.2) 11.9 (1.4) .003 
Hand and forearm dexterity 
right (s) 
65.3 (8.2) 65.5 (5.8) 70.4 (11.9) .213 
Hand and forearm dexterity 
left (s) 
67.9 (10.5) 68.0 (7.3) 75.2 (12.8) .110 
Overhead lift (kg) 8.0 (0) 7.6 (1.3) 7.4 (2.2) .355 
Overhead work+ (s) 258.2 (135.1) 179.5 (68.8) 190.2 (119.3) .033 
*denotes significant difference between BC+ and controls.  
§denotes significant difference between BC+ and both BC- and controls.  
+denotes significant difference between both breast cancer survivor groups and controls 
 
4.4.1 Breast cancer survivors vs controls 
 
Breast cancer survivors as one group displayed thoracic kinematic alterations during 
performance of the overhead reach and overhead lift tasks that were not present when divided by 
impingement pain. During the overhead reach, breast cancer survivors’ torsos were less laterally 
bent to the right (control vs breast cancer survivors: 4.3° vs -0.4°, Cohen’s d= 0.61, p = 0.000) 
throughout all subtasks. In the overhead lift, breast cancer survivors demonstrated increased 
torso flexion (d = 0.60, p = 0.045) (Figure 4.1).  
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Figure 4.1: Minimum, mean and maximum (with standard deviation) torso 
flexion/extension (-ve = flexion, +ve = extension) during the overhead lift. Minimum angles 
(maximum flexion) were significantly different between groups. 
 
4.4.2 Impingement pain vs controls 
 
When breast cancer survivors were subdivided by presence of impingement pain (BC- and BC+), 
greater scapular and humeral kinematic alterations existed for the overhead reach, repetitive 
reaching task, and overhead lift, but not for the fingertip or hand and forearm dexterity tasks 
(Table 4.4). During the overhead reach and lift tasks, BC+ had less right maximum scapular 
upward rotation than controls and BC- (Reach d = 0.80, p = 0.006; Lift d = 1.11, p = 0.027;) with 
the largest difference of 11.2° detected at the right scapula during the overhead lift (Figure 4.2). 
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Figure 4.2: Maximum scapular upward rotation (with standard deviation) for the overhead 
reach and lift tasks. Upward rotation on the right side was significantly lower for BC+ 
(breast cancer survivors with impingement pain) than the other groups in all tasks. 
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Trends for humeral kinematics suggest that BC+ compensated at the thoracohumeral joint during 
the repetitive reaching task and overhead lift. During the overhead lift, BC+ maximum right side 
abduction was lower than controls (d = 0.54, p = 0.114) (Figure 4.3a). During the repetitive 
reaching task, BC+ humeral angles were reduced compared to controls in minimum right side 
humeral abduction (maximum adduction) (Figure 4.3b) and maximum right side humeral internal 
rotation (Figure 4.3c), the combined humeral position during cross body marble drop. Due to 
high inter-subject variability in angles, these did not reach significance, but effect sizes suggest a 
medium to large effect (Abduction d = 0.57, p = 0.351, Rotation d = 0.78, p = 0.122) (Figure 
3b,c).  
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Figure 4.3: Mean (solid lines) +/- 1 SD (shaded areas) waveforms for humeral abduction in 
the overhead lift (a), humeral abduction in the repetitive reach (b) and humeral axial 
rotation in the repetitive reach (c). Y axis represents the time to complete one full 
movement cycle (i.e. one lift or one reach). Positive values represent abduction and internal 
rotation, while negative values represent adduction and external rotation. BC+ (breast 
cancer survivors with impingement pain) were consistently in less extreme humeral 
postures during the peaks of the movements (end of the lift, middle of the repetitive reach).  
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Table 4.4: Summary of kinematic differences between three groups (BC+ = breast cancer 
survivors with impingement pain, BC- = breast cancer survivors without (BC-) 
impingement pain). Values not connected with the same letter are significantly different. 
Task Variable Group 
Angle (˚) 
Mean (SD) 
Overhead reach 
Mean torso lateral 
flexion 
Control 4.3 (9.3)a 
BC- 0.1 (5.3)b 
BC+ -1.1 (5.7)b 
Maximum right scapular 
upward rotation 
Control 29.5 (8.6)a 
BC- 29.2  (8.1)a 
BC+ 22.9 (8.5)b 
Overhead lift 
Maximum torso flexion 
Control -8.4 (9.9)a 
BC- -16.2 (15.7)b 
BC+ -14.1 (9.9)b 
Maximum right scapular 
upward rotation 
Control 32.3 (5.9)a 
BC- 31.9 (8.9)a 
BC+ 25.4 (6.5b 
Maximum right humeral 
abduction 
Control 133.8 (19.6) 
BC- 134.8 (15.3) 
BC+ 121.7 (24.3) 
Repetitive reach 
Maximum right humeral 
adduction 
Control -73 (25.0) 
BC- -65.4 (30.0) 
BC+ -61.6 (12.6) 
Maximum right humeral 
internal rotation 
Control 117.8 (24.3) 
BC- 113.4 (24.5) 
BC+ 97.6 (25.7) 
 
4.5 Discussion 
 
Several clinical and kinematic differences emerged between breast cancer survivors who had 
undergone mastectomies and age-group-matched non-cancer controls. Although all breast cancer 
survivors were able to complete all the work-related functional tasks, they reported higher 
disability and their performance scores were lower than controls. Kinematic alterations occurred 
in scapulothoracic and thoracohumeral motions of BC+ (breast cancer survivors who reported 
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pain during at least one impingement test) during overhead tasks. This group also averaged 
14.4% lower performance scores than both controls and BC- (breast cancer survivors without 
impingement pain). 
The presence of impingement pain was the most influential factor on kinematics. Kinematics 
consistently differed between BC+ and controls. Most notably, BC+ scapular upward rotation 
was reduced during the overhead reach and lift tasks. The magnitude of the angular differences 
when impingement pain was considered was greater than the RMSE of AMC (5.4˚) (Lang, Kim, 
et al., 2019), providing confidence that the differences relate to pathology and not measurement 
error. Upward rotation alterations are important with regards to rotator cuff injury development; 
decreases in upward rotation are commonly present in persons diagnosed with rotator cuff 
disease (Keshavarz, Bashardoust Tajali, Mir, & Ashrafi, 2017; Ludewig & Cook, 2000; Turgut, 
Duzgun, & Baltaci, 2016) and inadequate upward rotation can reduce the size of the subacromial 
space, possibly causing the impingement of the supraspinatus tendon (Brossmann et al., 1996). 
Because all BC+ participants only reported pain on one or two tests (participants with positive 
results on 1 test = 7; 2 tests = 6; 3 tests = 0), many may not yet meet diagnosis criteria for rotator 
cuff disease. Thus, the scapular alterations could be important to monitor through the long-term 
recovery from breast cancer surgery for rotator cuff disease development. 
The distinct differences in humeral kinematics during task performance also provides insight into 
compensations from impingement pain in post-mastectomy breast cancer survivors. During the 
repetitive reach, peak humeral internal rotation was lower in the BC+ group, which coincides 
with a compensation strategy to avoid impinging the supraspinatus tendon, as tendon contact 
area increases with humeral internal rotation (Brossmann et al., 1996). Humeral abduction in the 
overhead lift and adduction (reaching across the body) in the repetitive reaching task were also 
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both lower in BC+. This could reflect pain avoidance, tightness, or weakness at the shoulder, all 
commonly experienced by breast cancer survivors (Assis et al., 2013; Lang et al., n.d.), which 
could also contribute to the development of rotator cuff disease (Ebaugh et al., 2011).  
While this work demonstrates novel kinematic alterations in breast cancer survivors with 
impingement pain, it is also one of the first works to report a preliminary prevalence of 
impingement pain in a convenience sample of post-mastectomy breast cancer survivors. It was 
previously suggested that breast cancer survivors would be at risk for rotator cuff disease as a 
result of the physical side effects of treatment (Ebaugh et al., 2011), and the current investigation 
suggests approximately 50% will present with impingement-related pain in the years following 
mastectomy. Considering the age of the participants (Table 4.2), this is a high rate of pain in an 
already compromised population (Milgrom, Schaffler, Gilbert, & van Holsbeeck, 1995). 
Therefore, the factors contributing to the development of rotator cuff disease in breast cancer 
survivors, such as the compromised scapular movement patterns presented in this paper, are 
important to investigate further for shoulder health, daily life, and return-to-work in breast cancer 
survivors. 
It was hypothesized that breast cancer survivors would decrease the contribution of the 
thoracohumeral joint and increase torso motion to complete these functional tasks. While there 
are some humeral alterations as mentioned above, corresponding kinematic compensations at the 
trunk were minimal. For the overhead lift, breast cancer survivors may have adjusted by 
increasing trunk momentum. Torso flexion was higher in breast cancer survivors at the start of 
the overhead lift, and this same alteration was seen in a young normative kinematic dataset as the 
intensity of the lift increased (Lang & Dickerson, 2017b). It was postulated that the 
compensation in the younger population was an attempt to use momentum and shift the load to 
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the larger back muscles (Arjmand & Shirazi-Adl, 2005; Callaghan, Gunning, & McGill, 1998; 
Howarth & Callaghan, 2012; Lang & Dickerson, 2017b), and breast cancer survivors may have 
used the same strategy to complete the lift with this standardized load. BC+ appear to have 
adjusted task strategy in other ways to compensate for humeral range of motion challenges in the 
repetitive reaching task; during this task many breast cancer survivors tossed the marble into the 
second bowl from a slight distance, instead of reaching or twisting to place the marble. 
Humeral/torso trade-offs were absent in other tasks. Overall, it appears that global kinematics of 
breast cancer survivors beyond the acute phase of recovery (i.e. beyond 6 months post-
mastectomy) from treatment are not affected by humeral range of motion deficits in functional 
tasks. 
Impingement pain was represented almost equally for right and left sides of BC+, with nine right 
shoulders and eight left shoulders with at least one positive on the impingement tests. All of the 
shoulders with impingement pain, except one, corresponded to sides that had mastectomies: of 
breast cancer survivors with bilateral mastectomies, 3/10 had impingement pain on both sides. 
Fifteen breast cancer survivors had unilateral mastectomies, and 8 of those had impingement 
pain on the side treated with surgery. One breast cancer survivor with a unilateral mastectomy 
had pain on both sides, while one participant who had undergone bilateral mastectomy only had 
pain on the left side.  Still, kinematic alterations often only presented on right shoulders with 
impingement pain. Because all breast cancer survivors and all but two controls were right-hand 
dominant, and differences in scapular kinematics between dominant and non-dominant sides at 
rest and in arm elevation are common (Morais & Pascoal, 2013; Oyama et al., 2008; Schwartz et 
al., 2014), dominance appears to play an important role in understanding alterations due to pain 
or injury development. However, task performance with the dominant hand is generally more 
77 
 
precise, faster, and less variable (Elliott et al., 1993; Peters, 1998; Todor, Kyprie, & Price, 1982), 
so the kinematic variability when using the non-dominant side could have obscured differences 
between groups on the left side (Figure 4.4).  
 
Figure 4.4: Variance (standard deviation squared) of upward rotation of the right and left 
scapulae during the fifteen overhead lift cycles for control participants and BC+. Left side 
for both groups demonstrated higher variance than the right side throughout each lift 
cycle. 
The kinematic differences present during performance of these functional tasks are important 
because movements and tasks similar to these are performed regularly in daily life. Whether at 
home or at work, tasks or motions that require reaching to the side, reaching up, or lifting 
something overhead are frequent and the experimental tasks were chosen to replicate and test 
ability to perform these functions (Reneman et al., 2005). No kinematic differences occurred in 
the least strenuous tasks (i.e. the fingertip and hand and forearm dexterities), suggesting that 
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tasks with similar repetitive and fine motions (Reneman et al., 2005), such as office work, are 
lower risk for future shoulder injury development. However, tasks that require overhead motions 
or movement near the extremes of humeral range of motion resulted in compensations that, when 
performed repetitively, may increase the likelihood of injury (Cohen & Williams, 1998). 
Therefore, if these types of movements are a job requirement, they should be meticulously 
monitored and evaluated. The focus of return-to-work specific rehabilitation should be to 
improve performance and movement strategies during these tasks, or conversely, modify the task 
at work to better meet the abilities of each breast cancer survivor. While more research is needed 
to determine the best approach to rehabilitation and return-to-work for prevention and treatment 
of rotator cuff disease in breast cancer survivors after surgery, current common strategies such as 
increasing strength, endurance, and range of motion through physiotherapy (McNeely et al., 
2010) are likely to be beneficial until a more specified treatment approach can be determined.  
In addition to the kinematic alterations associated with impingement pain, the BC+ group also 
consistently had poorer performance capacity than controls. Even for tasks in which there were 
no movement compensations, performance was comprised: slower times in repetitive reaching 
and hand and forearm dexterity tasks, fewer pins in the fingertip dexterity task, and shorter 
duration in the overhead work (Table 3). Traditionally, return-to-work evaluations are focused on 
capacity outcomes (Soer et al., 2009) and the performance scores form this group would suggest 
that, even for the tasks without potentially harmful movement strategies, BC+ would not be 
ready to return-to-work even though they were, on average, almost six years from surgery. While 
the kinematic compensations are vital to monitor for injury prevention, physical capacity is also 
important to rehabilitate and monitor for many years post-surgery, as diminished capacity 
indicates an inability to return-to-work. 
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Some study-specific limitations influence both the results and their interpretation. First, sample 
characteristics may have complicated results; a larger group, with more left- hand dominant 
breast cancer survivors and controls, could confirm potentially important differences and trends 
in kinematic data. Second, the extent of axillary surgery of participating breast cancer survivors 
is not known, which could be another factor in determining kinematic alterations and functional 
deficits (Crane-Okada et al., 2008; Wennman-Larsen et al., 2013). There is also no available data 
of the preoperative rotator cuff disease status for each participant; it cannot be said with certainty 
that impingement pain was only present after surgery. Additionally, the implications of 
kinematic differences are complex. While decreases in upward rotation are consistently 
associated with rotator cuff disease, it is not clear if this alteration truly influences the 
acromiohumeral proximities (Lawrence, Braman, & Ludewig, 2019). A long-term follow-up of 
breast cancer survivors would provide more insight into whether these kinematics are a cause or 
symptom of rotator cuff disease progression. Finally, the mechanism for kinematic alterations is 
not clear from this dataset. Investigating muscle strategy differences could highlight causes for 
differences and further guide rehabilitation. 
4.6 Conclusions 
 
The presence of impingement pain strongly influences work-related functional task performance 
in breast cancer survivors past the acute phase of recovery. Performance capacity is reduced and 
kinematics reflect potentially harmful movement strategies that could contribute to further 
rotator cuff disease development and should be monitored throughout rehabilitation. In 
particular, scapular upward rotation decrements should be evaluated; appropriate treatment 
options may include scapular positioning training, but this strategy needs further testing.  
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TRANSITION BETWEEN CHAPTER 4 AND CHAPTER 5 
 
The third chapter (manuscript #2) defined upper limb kinematics of breast cancer survivors 
during a return-to-work evaluation protocol. Biomechanical evidence identified a possible 
relationship between breast cancer treatment and rotator cuff disorders and datasets were 
developed for controls and cancer survivors. 
While kinematic alterations provide insight into injury risk, elucidating mechanisms for those 
movement compensations would allow for an improved understanding both of the changes in 
musculoskeletal system of the shoulder after mastectomy and improved recommendations for 
treatment. The next chapter will estimate individual muscle forces during functional task 
performances; doing so will not only define muscle strategies during novel task performance for 
breast cancer survivors and controls, but also directly connect differences in muscle predictions 
to differences in kinematics, providing robust evidence for clinical recommendations. 
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5.1 Abstract 
 
Introduction: Breast cancer survivors have known scapular kinematic alterations that may be 
related to the development of secondary morbidities. A measure of muscle activation would help 
understand the mechanisms behind potential harmful kinematics. The purpose of this study was 
to determine if muscle force predictions were different between breast cancer survivors and non-
cancer controls during functional task performance, with a secondary objective to confirm the 
ability of the chosen model to predict forces with these parameters. 
Methods: Shoulder muscle forces during six functional tasks were predicted for 25 breast cancer 
survivors (divided by impingement pain) and 25 controls using a modified version of the 
Shoulder Loading Analysis Module (SLAM). The differences between maximum predicted 
forces and maximum EMG were compared with repeated-measures ANOVAs (p<0.05) to 
evaluate the success of the model predictions. Maximum forces for each muscle were then 
calculated and one-way ANOVAs (p<.05) were used to identify group differences.  
Results: Differences between force predictions and EMG ranged from 7.3%-31.6%, but were 
within the range of previously accepted differences. Impingement related pain in breast cancer 
survivors was associated with increased force predictions of select shoulder muscles. Both 
pectoralis major heads, upper trapezius, and supraspinatus forces were consistently higher in the 
breast cancer survivor with pain group, while the rhomboid major and minor, intermediate 
trapezius, posterior deltoid, subscapularis, serratus anterior, long head of the biceps and 
brachioradialis forces were also higher in individual tasks. 
Conclusions: Impingement related pain in breast cancer survivors is associated with increased 
force of select shoulder muscles, such as the upper trapezius, supraspinatus, and pectoralis major. 
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These force prediction differences are also associated with potentially harmful kinematic 
strategies, providing a basis for potential rehabilitation strategies.  
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5.2 Introduction 
 
Arm and shoulder problems are common following breast cancer treatment. In the Canadian 
province of Saskatchewan, up to 83% of survivors report at least one upper limb limitation 
within five years of treatment (Lang et al., n.d.), and this dysfunction is a frequent occurrence for 
breast cancer survivors globally (De Groef et al., 2016; C. H. Lee, Chung, Kim, & Yang, 2019; 
Verbelen, Tjalma, Meirte, & Gebruers, 2019). Breast cancer survivors are also more likely to 
experience secondary shoulder morbidities in the years following treatment, such as rotator cuff 
disorders or adhesive capsulitis (Ebaugh et al., 2011; Yang et al., 2010). The etiology of such 
secondary dysfunction is not well understood, which has implications for determining effective 
treatment, rehabilitation, and return-to-work strategies for breast cancer survivors. 
Rotator cuff disease, in particular, has been strongly associated with breast cancer treatment. 
Previous work reported that almost 50% of a sample of breast cancer survivors presented with 
impingement-related pain, as determined by a positive on at least one out of three common 
impingement special tests (Lang, Dickerson, Kim, Stobart, & Milosavljevic, 2019). This group 
exhibited shoulder kinematics that are consistent with those who have rotator cuff impingement 
diagnosis (Lang, Dickerson, et al., 2019; Ludewig & Reynolds, 2009). However, a measure of 
muscle activation is required in order to better understand the mechanisms causing kinematic 
alterations and to identify contributing muscles that may benefit from focused rehabilitation 
(Campbell et al., 2014; Hotta, Santos, McQuade, & de Oliveira, 2018).  
Musculoskeletal (MSK) modelling allows for estimation of muscle forces and loading strategies 
for more muscles than can be feasibly measured. For a pathological population, the goal of 
modelling is often to determine how structural differences caused by injury or disorder affect 
function. As most MSK models are created and used for healthy groups with no limitations, they 
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often require modification for clinical applications. These types of modifications may include 
decreasing the capability of muscle (Chopp-Hurley et al., 2016), altering lines of action, or even 
removing muscles from the model entirely (Lemieux et al., 2012). With regards to breast cancer, 
the pectoralis major muscle in survivors has reduced capability following surgery (Dalberg et al., 
2010; de Haan et al., 2007; Shamley et al., 2007).  As such, biomechanical models developed on 
a healthy population could have the force capacity of the pectoralis major (both sternal and 
clavicular heads) adjusted to reflect these limitations. 
When modelling pathological populations, kinematics are also an important consideration. 
However, representation of the scapula in MSK models has been a source of difficultly for 
biomechanists. Historically, measurement of the scapula has not always been feasible, so 
scapulohumeral rhythms, in the form of regression models based on humeral elevation angle, 
have been used as a solution to determine scapular orientation (de Groot & Brand, 2001; 
Dickerson et al., 2007; Grewal & Dickerson, 2013). A shoulder rhythm developed from a healthy 
population may not capture the potentially harmful kinematic alterations present in a 
pathological population, such as reductions in upward rotation measured in breast cancer 
survivors (Lang, Dickerson, et al., 2019). Because muscle force estimates are sensitive to small 
changes in humeral and scapular posture (W. Wu, Lee, & Ackland, 2017), inputs that are as 
accurate as feasibly possible are needed to capture muscle force pattern differences that are 
associated with pathological shoulder motion, particularly due to the known altered scapular 
orientations in the current sample. 
The goal of this study was, first, to explore the ability of the Shoulder Loading Analysis Modules 
(SLAM) to predict muscle forces in these functional tasks utilising measured scapular 
orientations as input with adjusted pectoralis capacity, and second, to determine the differences 
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in muscle force predictions between breast cancer survivors (with and without impingement 
pain), and non-cancer controls during arm-focused functional task performance. This novel 
research intends to clarify the mechanisms for kinematic differences between the groups, 
providing previously unknown insight into shoulder function in the population.  
5.3 Methods  
 
5.3.1 Participants 
 
Twenty-five breast cancer survivors ([mean (SD)] age(years) = 51.6 (7.0), height (m) = 1.62 
(0.08), weight (kg) = 68.7 (11.8)) and twenty-five non-cancer controls ([mean (SD)] age(years) = 
54.0 (5.2), height (m) = 1.61 (0.06), weight (kg) = 72.5 (15.3)) participated. All breast cancer 
survivors had undergone either unilateral or bilateral mastectomy at least 6 months prior to 
participation, with no breast reconstructive surgery. The control group were free from upper limb 
impairments. The study protocol was approved by the university research ethics board and all 
participants provided written informed consent prior to the experiment. 
5.3.2 Procedures 
 
Prior to task performance, each participant completed clinical questionnaires and was evaluated 
with three clinical tests for impingement: Neers’ Impingment test, Hawkins-Kennedy 
Impingement, and empty can test (Calis, 2000; Moen et al., 2010). Reflective markers for motion 
capture (Vicon Motion Systems, Oxford, UK) and sensors for electromyography (EMG) (Delsys 
Trigno™ Wireless EMG sensors (Delsys, Inc)) were placed on each participant’s right upper 
body. Only the right side was analyzed in this study for two reasons: 1) SLAM is a model of the 
right upper limb, and 2) kinematic differences were only present on the right side in this sample. 
Individual markers and rigid clusters were affixed to the torso and arm at anatomical points 
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based on International Society of Biomechanics recommendations (G. Wu et al., 2005). An 
acromial marker cluster (AMC) was used to track the scapula (Lang, Kim, et al., 2019; van 
Andel et al., 2009). EMG sensors were placed over the muscle belly of the pectoralis major 
clavicular and sternal heads, supraspinatus, upper trapezius, posterior head of the deltoid and the 
infraspinatus (Brookham et al., 2018b; Cram & Kasman, 1998).  Maximum voluntary 
contractions (MVC) were performed to elicit highest possible activity from each muscle before 
beginning the experimental protocol. The motion capture space was sampled at 50 Hz and EMG 
channels were sampled at 2000 Hz using a synchronized system. 
Six work-related functional tasks made up the experimental protocol: overhead reach, repetitive 
reach, fingertip dexterity, hand and forearm dexterity, overhead lift, and overhead work. The 
overhead reach involved reaching with one hand from a low shelf to high shelf, while seated, 
with both a 1kg load and unloaded. The repetitive reach required participants to move 30 marbles 
from one bowl to another as quickly as possible with one hand, while seated. Bowls were placed 
at the wingspan of each participant. For the fingertip dexterity and hand and forearm dexterity 
tasks, the Purdue Pegboard (Lafayette Instrument, 2002) and Minnesota Manual Dexterity Test 
(Lafayette Instrument, 1998) were used, respectively. For the overhead lift, participants were 
required to lift an 8 kg load from a low shelf to a high shelf with both hands, while standing. This 
was repeated 3 sets of 5 repetitions. Finally, the overhead work task required participants to 
manipulate nuts and bolts at forehead level for as long as possible, while wearing 1 kg wrist 
weights. Together, these tasks represent the general procedures of a clinical, return-to-work 
upper limb evaluation and test several aspects of movement and function (Reneman et al., 2005). 
For a more detailed description of each individual task, please see Lang et al. (2019). 
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5.3.3 Data analysis 
 
Kinematic and EMG data were processed with custom MatlabTM programs. Kinematic data were 
filtered with a low-pass, zero-lag, fourth-order Butterworth filter with a 6 Hz cut-off (Winter, 
2009) and converted to joint centres for input into the MSK model. EMG data were initially 
high-pass filtered at 30 Hz to remove heart rate artifact (Drake & Callaghan, 2006) and then 
linear enveloped with a low-pass second order single-pass Butterworth filter with a 2.5 Hz cut 
off (Chopp-Hurley et al., 2016). Each linear enveloped signal was normalized to the peak MVC 
value for each muscle. Due to repetitive nature of each task, cycles were identified for each 
repetition and trial using the right second metacarpal marker and equipment reference markers 
(Lang, Dickerson, et al., 2019). Both kinematic and EMG data were separated in cycles and 
ensemble averaged. For the overhead work, the last 30 seconds of work was extracted and joint 
centre locations were averaged for input into the model. 
SLAM was the shoulder MSK model used in this study (Dickerson et al., 2007; Dickerson, 
Hughes, & Chaffin, 2008). The model uses an optimization approach with the objective function 
to minimize the sum of cubed muscle stresses to address the problem of redundancy. The model 
takes motion files, anthropometric data, and task data as inputs for 3 separate modules: shoulder 
geometry constructor, external dynamic moment calculator, and internal muscle force estimator 
(Dickerson et al., 2007).  The shoulder geometry module consists of five rigid segments (scapula, 
clavicle, humerus, torso, and radial/ulnar forearm link), four joints (sternoclavicular, 
acromioclavicular, glenohumeral, and elbow), and 23 muscles modeled as 38 separate elements 
(Dul et al., 1984; Grewal & Dickerson, 2013; Hogfors, Sigholm, & Herberts, 1987). The muscle 
wrapping techniques include spherical and cylindrical wrapping to define muscle lines of action 
(Dickerson et al., 2007). Muscle forces are bound by a minimum of zero and a maximum derived 
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from muscle-specific physiological cross-sectional areas (PCSA). Predicted estimated muscle 
forces were normalized to maximum capacity (Dickerson et al., 2007; Hogfors et al., 1987). A 
more detailed explanation of the SLAM model exists in Dickerson et al. (2007; 2008).  
Two modifications were made to SLAM for this project. First, the pectoralis capacity was 
decreased by 50% for the breast cancer survivor group (Chopp-Hurley et al., 2016). Second, the 
geometry module was adjusted to receive measured scapula orientation as input, replacing the 
scapulohumeral rhythm calculation. Twenty-two out of 1,006 total trials included scapular 
orientations that were incompatible with the model, likely due to segment covariance, so these 
trials were excluded from the analysis. All 22 trials were overhead reach and lift trials, which are 
outside the original design space of SLAM.  Finally, 28 trials had frames where the model was 
not able to converge on a minimum solution, likely due to uniform assumptions regarding 
muscle capabilities across persons. If the number of frames was five or less (10 times), linear 
interpolation was used to fill those gaps (Howarth & Callaghan, 2012). If the number of frames 
with non-convergence was greater than five, trials were excluded from the analysis, totaling 18. 
A total of 963 trials were analyzed. Since repetitions of the same task were averaged within 
participant, each task is represented for each participant, with the exception of 5 participant/task 
combinations. 
5.3.4 Statistical Analysis 
 
To examine the model’s ability to estimate muscle forces during these tasks, force estimates 
were compared to empirically measured EMG. The differences between the maximum 
magnitudes of the muscle force estimations (% of maximum muscle capacity) and muscle 
activation (% of MVC) were calculated and compared by task and pectoralis capacity adjustment 
(Chopp-Hurley et al., 2016). A repeated measures ANOVA was used to test the effects of task on 
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magnitude of the differences for each muscle for the control group, while a multivariate repeated 
measures ANOVA was used to evaluate the effect of task and pectoralis capacity on the 
magnitude of differences of each muscle for the breast cancer group. Main and interaction effects 
were analyzed at 5% significance level. A concordance analysis was also performed to assess the 
model’s ability to predict which muscles were active or inactive (Dickerson et al., 2008). The 
muscles were considered ‘on’ for a given trial if any EMG value was over 5% of maximum 
MVC, or if any force estimate was over 5% of the maximum force producing capacity. If the 
EMG and force predictions both indicate presence or absence of muscle activity, concordance 
existed, but if the metrics disagreed, discordance existed. To determine overall concordance, a 
concordance ratio was calculated by dividing the number of trials that were concordant by the 
number that were discordant, for each participant. If the ratio was greater than 1, the muscle was 
considered concordant, but if the ratio was less than 1, the muscle was discordant. 
To compare the muscle force estimation values between groups, maximum values were 
calculated for each muscle and task. Breast cancer survivors were divided post-hoc based on 
results of the clinical impingement tests. A positive on any impingement test warranted inclusion 
into the breast cancer survivor ‘with pain’ group, while those without any positives were placed 
in the breast cancer survivors ‘without pain’ group. To determine differences in muscle force 
predictions of the two breast cancer survivor groups (pain and no pain) and control group, one-
way ANOVAs were run for each task and muscle, with muscle force as the dependent variable 
and group as independent variable.  
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5.4 Results 
 
5.4.1 Comparison to EMG 
 
Predicted muscle forces generally underestimated empirically measured activity. The average 
difference for each muscle, across all comparisons, was 30.0 %, 17.5 %, 31.6 %, 24.6 %, 7.3 %, 
and 19.5 % for the pectoralis major clavicular head, pectoralis major sternal head, supraspinatus, 
upper trapezius, posterior deltoid, and infraspinatus, respectively. The largest differences 
occurred during the overhead lift and overhead work, and the supraspinatus force estimates were 
the most different from EMG maximums (Figure 5.1). When pectoralis major muscle capabilities 
were adjusted for the breast cancer survivors, only the two pectoralis muscles were affected: the 
difference between force estimates and EMG activity decreased by up to 6.3% (mean = 1.63%) 
(p<.001, ƞ2= .208-.403).  
 
Figure 5.1: Mean differences between estimated muscle forces and measured muscle 
activity for each task and muscle, averaged across groups. Positive differences indicate that 
model predictions were lower than measured EMG. Large differences were present in the 
overhead lift and work comparisons. Functional tasks are along the x-axis: OR = overhead 
reach; RR = repetitive reach; FD = fingertip dexterity; HFD = hand and forearm dexterity; 
OL = overhead lift; OW = overhead work. 
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Adjusting pectoralis capacity also improved concordance of the pectoralis muscles for the breast 
cancer survivor group, but did not affect the other muscles. The pectoralis clavicular head 
concordance ratio increased from 0.388 to 0.572, while the sternal head went from 0.710 to 
1.344. Across all tasks, for both groups, the upper trapezius, posterior deltoid, and infraspinatus 
were concordant (Table 5.1). 
Table 5.1: Overall concordance ratios for each muscle by group. The breast cancer group 
ratios are based on muscle force estimates from the modified SLAM. 
 
Pectoralis 
clavicular 
Pectoralis 
sternal 
Supraspinatus 
Upper 
Trapezius 
Posterior 
Deltoid 
Infraspinatus 
Control 0.54 0.78 0.52 2.49 2.29 3.77 
Breast 
cancer 
survivors 
0.57 1.34 0.76 1.65 2.95 3.18 
 
5.4.2 Group Comparisons 
 
Muscle force predictions for the breast cancer group with pain were higher than controls and 
breast cancer group without pain. Of the 38 muscle elements estimated, 4 were consistently 
higher in the breast cancer survivor with pain group (p = .000 - 0.020, ƞ2 = .008 -.069) over all 
tasks: both pectoralis major heads, upper trapezius, and supraspinatus. 
When examining muscle force differences by task, breast cancer survivors with pain generally 
had higher predicted forces. During the overhead reach, pectoralis major clavicular head, 
rhomboid major and minor, intermediate and upper trapezius, posterior deltoid, supraspinatus, 
long head of the biceps and brachoradialis had higher predicted forces than the other groups (p = 
.000-.039, ƞ2 = .025-.206) (Figure 5.3). The overhead lift had similar results; the upper trapezius, 
supraspinatus, and posterior deltoid were higher in the pain group than controls (difference = 2.8 
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– 5.2%, p = <.001-.028, ƞ2 = .038-.103). The force estimates of both heads of the pectoralis 
major and the lower portion of the subscapularis were also higher in both breast cancer survivor 
groups during the overhead lift (difference = 1.65 – 5.6%, p = <.001-.028, ƞ2 = .057-.160). 
Finally, results from the repetitive reaching task concurred with the results from the main effect 
of group, with the exception of the lower element of the serratus anterior, which was higher in 
the control group than both breast cancer groups (difference = 3.7%, p = .008, ƞ2  = .128), and 
lower subscapularis, which was higher in the breast cancer with pain group (difference = 2.1%, p 
= .045, ƞ2 = .047).  
  
Figure 5.2: Peak predicted forces of muscles that were different between groups during the 
overhead reach.  PMC = pectoralis major clavicular head; RMAJ = rhomboid major; 
RMIN = rhomboid minor; IT = intermediate trapezius; UT = upper trapezius; PD = 
posterior deltoid; SUPRA = supraspinatus; LBI = lower biceps brachii; BRAD = 
brachioradialis.  
* represents difference between both breast cancer groups and the control group.  
** represents difference between breast cancer survivors with pain and breast cancer 
survivors without pain or controls. 
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5.5 Discussion 
 
The model predicted muscular activity with mixed results, using experimental EMG as a 
comparison. With the modification of adding measured scapular orientation to replace the 
scapulohumeral rhythm equation, the model executed successfully for most trials (97.8%) and 
identified differences in muscle force patterns between groups that coincide with reported 
kinematic alterations. 
Agreement between force estimates and measured EMG varied with task and muscle. The 
overall averages of the differences approximated values reported in Chopp-Hurley et al. (2016) 
(13.5 – 30.4%), which evaluated the model’s ability to predict muscle activation summed over 
internal and external humeral rotator muscle groups. Concordance ratios also agreed with 
Dickerson (2008), demonstrating general success of the model with the current modifications 
and these tasks. However, when examining individual muscles, agreement for the pectoralis 
major clavicular head and supraspinatus is poor. The discrepancy between measures could be a 
function of several factors: co-contraction is not well represented in optimization models 
(Dickerson et al., 2007), experimental MVCs may not be accurate in this non-normative 
population, and EMG and muscle force are not linearly related, especially in dynamic conditions 
(Disselhorst-klug, Schmitz-rode, & Rau, 2009). Due to the challenging nature of these functional 
tasks, it can be presumed that most muscles of the shoulder were active to assist in movement 
and stability of the arm and shoulder (Blache, Maso, Desmoulins, Plamondon, & Begon, 2015). 
Therefore, co-contraction is likely responsible for the large differences between EMG and force 
estimates, especially for the tasks with external loads. Inaccurate MVCs are also a known 
limitation of EMG, particularly when working with a compromised population, due to physical 
limitations or pain avoidance (Lindstroem, Graven-Nielsen, & Falla, 2012). Lower-than-true 
95 
 
maximum MVCs would result in overestimated muscle activity and exaggerated differences 
between activity and forces, but normalization of muscle effort (either EMG or force predictions) 
is necessary to compare the two datasets. Finally, while EMG and muscle force are considered 
related, it is not a direct linear relationship, meaning that a proportion of maximum EMG does 
not necessarily correspond to the same proportion of muscle force. Comparing to EMG is one 
strategy to determine model effectiveness, but due to known and accepted limitations of both 
EMG and MSK modelling, discrepancies between measures do not necessarily render the model 
outputs inaccurate; agreement within the range of previous work (Chopp-Hurley et al., 2016; 
Dickerson et al., 2008) suggests the utility of model predictions to provide a measure of muscle 
force patterns to elucidate possible muscle patterns causing kinematic alterations. 
The muscle force prediction differences between groups coincide with kinematic differences. 
The increased upper trapezius force present in breast cancer survivors with pain is likely related 
to reduced upward rotation of the scapula (Phadke et al., 2009). An increase in upper trapezius 
force without an accompanying increase in serratus anterior or lower trapezius activity could 
interrupt the force couple required for appropriate upward rotation and scapulohumeral rhythm 
(Paine & Voight, 2013). Upper trapezius muscle activity has previously been reported as 
increased in both breast cancer survivor and rotator cuff disease populations (Brookham et al., 
2018b; Galiano-Castillo et al., 2011), indicating the importance of this muscle for scapular 
kinematics. Overactive upper trapezius, combined with tightness, fibrosis, and other muscle 
damage from treatments (Kuehn et al., 2000; Leidenius et al., 2003), positions the scapula in a 
less desirable posture throughout task performance, indicating that preventative action or 
rehabilitation should be focused around the upper trapezius and surrounding muscles. 
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Supraspinatus and posterior deltoid force were highest in the breast cancer survivors with pain, 
consistent with kinematic changes. When the scapula is more downwardly rotated, movement at 
the glenohumeral joint must compensate, as the scapula and humerus work together to elevate 
the arm (Braman et al., 2009; McClure et al., 2001; Roren et al., 2017). Both the supraspinatus 
and posterior deltoid originate on the scapula and work as glenohumeral elevators; when the 
scapula is in a more downwardly rotated position, these muscles must then increase contribution 
during arm elevation.  The increased demand on the supraspinatus, combined with the possible 
mechanical impingement from scapular orientation (Lang, Dickerson, et al., 2019; Michener, 
McClure, & Karduna, 2003; Seitz, Mcclure, Finucane, Boardman, & Michener, 2011), could 
result in overload of the tendon and contribute to the development of rotator cuff disease. It is 
important to note that this group of breast cancer survivors with pain were not formally 
diagnosed with rotator cuff disease or recruited based on pain; while these results are consistent 
with the expectations for a rotator cuff disease group, there is not enough clinical information to 
confirm a rotator cuff pathology. Despite the lack of confirmed diagnosis, these findings 
nonetheless provide important information that could apply to the development of rotator cuff 
injuries in breast cancer survivors.  
Other muscle compensations from the current findings are related to the pectoralis limitations in 
breast cancer survivors. The consistent differences in pectoralis force predictions between both 
breast cancer groups and the control group are possibly a direct result of modelling choices to 
represent the compromised pectoralis muscle. Subscapularis muscle elements also had higher 
predicted forces in both groups of breast cancer survivors during the overhead and repetitive 
reaching tasks. Increases in subscapularis forces are a logical compensation for pectoralis 
limitations because they are both internal rotators (Dark, Ginn, & Halaki, 2007). These 
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alterations may be directly related to adjustments made to the model, but since the modelling 
choices were based on known pectoralis decrements in breast cancer survivors (Dalberg et al., 
2010; de Haan et al., 2007; Shamley et al., 2007), it is logical that pectoralis and subscapularis 
muscles are working at a higher percentage of their capacity in breast cancer survivor. Higher 
force production in these muscles could have implications both for shoulder movement and 
possibility of quicker fatigue, overload, and eventual further damage. 
There are many known limitations when predicting muscle forces with MSK models. As 
mentioned, SLAM does not explicitly include co-contraction for antagonist/accessory muscles, 
though a unique glenohumeral stability constraint does encourage it somewhat, and assumes 
consistent scaling of anthropometric factors, such as segment dimensions and muscle attachment 
sites (Dickerson et al., 2007). These factors could contribute to variance in force predictions. 
There are also considerations from the measured kinematics, particularly with the use of an 
AMC marker cluster. Even though its utility has been confirmed (Lang, Kim, et al., 2019), there 
are still inherent issues with motion capture and accepted errors with scapular measurement. 
However, the differences between groups persist despite these limitations, indicating their 
robustness and presenting meaningful insights that improve the understanding of shoulder 
function in healthy individuals and breast cancer survivors with mastectomies. 
5.6 Conclusions 
 
Overall, these results support the use of SLAM for modelling a breast cancer survivor 
population, using a measured scapular orientation as input. Increases in several predicted muscle 
forces during functional tasks in breast cancer survivors allows for unprecedented insight into 
potentially harmful muscle force patterns. In particular, upper trapezius, supraspinatus, and 
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pectoralis major are overactive in the breast cancer survivors with pain. Future work should test 
potential rehabilitation methods to address these compensations. 
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TRANSITION FROM CHAPTER 5 TO CHAPTER 6 
 
The third and fourth chapters of this thesis collectively identified what kinematics compensatory 
alterations exist in breast cancer survivors and what muscle patterns may relate to these 
alterations. The studies focused on functional task performance, to emulate movements 
performed in everyday life, and particularly during work. 
However, while functional tasks analyses have clear implications for return-to-work and daily 
living, functional tasks are seldom applied in either fundamental testing or clinical evaluations. 
Shoulder motion is frequently evaluated during arm elevation, in part due to the ability to 
standardize movements. In order to best disseminate the data from Chapters 4 and 5 to clinicians, 
identifying highly informative assessment methods should be investigated. 
The final manuscript for this dissertation aims to determine if scapular motion during simple arm 
elevations can infer functional task performance. Because of the known compensations during 
functional tasks, evaluating differences between groups during arm elevation and then 
quantifying the relationship between scapular motions in the different types of movements will 
contribute to the goal of providing specific recommendations for effective clinical treatment and 
assessment of shoulder function among breast cancer survivors. 
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6.1 Abstract 
 
Background: Scapular kinematics are most often evaluated during arm elevation in both the lab 
and the clinic. However, while shoulder kinematic and muscle force strategy compensations exist 
in breast cancer survivors during functional task performance, it is not known if biomechanical 
differences present in functional tasks are also present in arm elevation, and vice versa. The 
purpose of this study was to determine if scapular kinematics during arm elevation are related to 
scapular kinematics during functional task performance. 
Methods: Scapular kinematics of fifty women (25 non-cancer controls, 16 breast cancer 
survivors without impingement pain, and 9 breast cancer survivors with impingement pain) 
during arm elevation in three planes and three functional tasks were measured. Scapular upward 
rotation and scapulohumeral rhythm (SHR) at select arm elevations were calculated. Between-
group differences of upward rotation during arm elevation were evaluated with one-way 
ANOVAs (p<0.05). The association of upward rotation angle and SHR during arm elevation and 
functional tasks was tested with Pearson correlations (p<0.05). 
Results: Scapular upward rotation was reduced for the breast cancer survivors with pain at lower 
levels of arm elevation in each plane by up to 7.1˚. This is inconsistent with functional task 
results, in which upward rotation decrements occurred at higher levels of arm elevation. 
Upward rotation angles during arm elevation had an overall moderate to strong relationship to 
angles during functional tasks, but SHR between the two types of motions only had an overall 
weak-to-moderate relationship. 
Conclusions:  Arm elevation during sagittal plane elevation demonstrated scapular upward 
rotation that was most closely associated to upward rotation during functional task performance. 
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However, inconsistent relationships suggests that clinical evaluations should adopt basic 
functional movements for scapular motion assessment to complement simple arm elevations.  
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6.2 Introduction 
 
Shoulder pathologies are associated with altered upper limb biomechanics. Indeed, certain 
kinematic compensations could contribute to some overuse injuries; for instance, decreased 
upward rotation of the scapula, in particular, is associated with shoulder impingement 
(Keshavarz, Bashardoust Tajali, Mir, & Ashrafi, 2017; Ludewig & Reynolds, 2009). However, 
the kinematic compensations that are considered to be associated with injuries are most often 
measured during open chain, unloaded arm elevations (Keshavarz et al., 2017), which may not 
represent the scapular kinematics during the functional movements that are performed 
repetitively either during work tasks or activities of daily living.  
Many studies that have analyzed scapular kinematics do so for arm elevation in a single plane. 
This is a common strategy for scapular kinematic assessment because of ease of performance, 
repeatability, and applicability to clinical practice (McFarland, Garzon-Muvdi, Jia, Desai, & 
Petersen, 2010). With regards to shoulder pathologies, research studies also most often focus on 
motion during elevation in one or two planes (Borstad & Ludewig, 2002; Borstad & Szucs, 
2012; F. Fayad et al., 2006; Ludewig & Reynolds, 2009; McClure, Tate, Kareha, Irwin, & 
Zlupko, 2009; Yamaguchi et al., 2000). This approach is practical because shoulder 
biomechanics is still a relatively new area of research, and scapular motion can be difficult to 
assess depending on available equipment and expertise.  
Previous research by published by this group reported scapular kinematic differences present in 
breast cancer survivors during overhead reaching and lifting (Lang, Dickerson, Kim, Stobart, & 
Milosavljevic, 2019). The breast cancer survivors with any impingement-related pain had 
reduced scapular upward rotation during functional task performance. Other investigations have 
also noted a similar relationship of pain and disability with altered scapular motion during 
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reaching in breast cancer survivors (Spinelli, Silfies, Jacobs, Brooks, & Ebaugh, 2016), 
highlighting the importance of scapular motion to function. Still, there is no evidence to confirm 
that the scapula moves in the same pattern for both simple arm elevation and functional tasks, 
meaning that alterations that exist in functional tasks may not also be present in arm elevations, 
bringing into question the appropriateness of elevation-based shoulder evaluation. 
Given that motion assessment during arm elevation is routine in clinical practice, and that there 
are inherent difficulties in evaluating the scapula during functional tasks, an enhanced 
understanding of the correlation between scapular motion during basic arm elevation and 
scapular motion during a range of functional tasks could improve understanding of shoulder 
function. Quantifying this relationship will highlight the utility of identifying alterations during 
basic motion to infer daily functional performance (i.e. does altered scapular motion in arm 
elevation translate to altered motion in functional tasks, and vice versa). For that reason, the 
purpose of this study is twofold: first, to test for differences in scapular upward rotation between 
breast cancer survivors (with and without impingement pain) and non-cancer controls during arm 
elevation and, second, to determine the relationship of scapular upward rotation during arm 
elevation to scapular upward rotation during functional tasks for the same three groups. This 
approach attempts to answer the question: “Is evaluation of scapular motion during arm elevation 
enough?” It is hypothesized that upward scapular rotation at peak arm elevation will be lower in 
breast cancer survivors with pain. Further, it is expected that scapular kinematics during 
elevation in the scapular and sagittal plane will be moderately associated with kinematics in 
functional tasks and that the measures will be more highly correlated in the control group. 
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6.3 Methods 
 
6.3.1 Participants 
 
Twenty-five breast cancer survivors and twenty-five age-group matched controls were recruited 
for this observational case-control study (Table 6.1). Based on previous research (Lang, 
Dickerson, et al., 2019), breast cancer survivors were divided into two groups based on 
impingement pain tests on the right arm (only the right arm was analyzed in this study): breast 
cancer survivors with no pain and breast cancer survivors with pain.  To be eligible, breast 
cancer survivors were required to have had a mastectomy at least 6 months prior to participation 
and controls had to be free from any upper limb pain or impairments. Other exclusion criteria 
included being outside the age range of 35 to 65, inability to raise arms overhead, previous 
shoulder surgery other than the mastectomy, and any allergy to skin adhesives. The study 
protocol was approved by the university research ethics board and all participants provided 
written informed consent. 
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Table 6.1: Demographic information and clinically relevant variables for breast cancer 
survivors and controls. The right side was analyzed in this study, so the breast cancer 
groups are split by pain in the right arm. 
 
Control 
(n = 25) 
Mean (SD) 
Breast cancer  
no pain (n = 16) 
Mean (SD) 
Breast cancer 
pain (n = 9) 
Mean (SD) 
Age (yrs) 51.6 (7.0) 53.1 (5.5) 55.6 (4.4) 
Height (m) 1.62 (0.08) 1.61 (0.06) 1.60 (0.04) 
Weight (kg) 68.7 (11.8) 73.6 (16.1) 70.0 (14.5) 
Dominance (R/L) 23/2 16/0 9/0 
QuickDASH (/100) 4.7 (6.3) 16.2 (12.4)* 17.7 (6.8)* 
Time since surgery 
(months) 
0 50.9 (45.7) 67.3 (34.7) 
Elevation range of 
motion (°) 
150.4 (12.3) 151.3 (12.8) 145.8 (17.0) 
Extension range of 
motion (°) 
48.6 (15.3) 35.3 (13.0)* 37.6 (17.0) 
Lymph node removal  
(Right side) 
- 8/16 9/9 
Chemotherapy  - 13/16 6/9 
Radiation (Right side) - 5/16 5/9 
*denotes significant difference compared to control group 
 
6.3.2 Experimental Procedures 
 
Each individual completed the Quick Disability of the Arm, Shoulder, and Hand Questionnaire 
(QuickDASH) and the Physical Activity Readiness Questionnaire upon arrival to the lab. 
Participants were next evaluated with three impingement pain tests: Neer’s sign, Hawkins-
Kennedy, and the empty can (Calis, 2000; Moen et al., 2010). A positive result on any one of the 
tests resulted in exclusion from the control group, while at least one positive among breast cancer 
survivors resulted in placement into the breast cancer survivors with pain group. 
Reflective markers and rigid marker clusters were affixed to the skin over bony landmarks of the 
torso, scapulae, and humeri based on International Society of Biomechanics recommendations 
(G. Wu et al., 2005). Scapula movements were tracked with an acromial marker cluster (AMC) 
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and anatomical points were located with a digitizer via a double calibration method, using 
postures at neutral and maximum arm elevation (Lang, Kim, et al., 2019).  A marker at the distal 
end of the second metacarpal of the hand was also used for cycle definition. Motion was tracked 
with 10 VICON MX20 cameras (Vicon Motion Systems, Oxford, UK) positioned around the 
collection space. Marker position was sampled at 50 Hz. 
After static calibrations, participants performed a total of nine dynamic arm elevations: three 
elevations in each of the frontal, scapular, and sagittal planes on the right side. Elevations were 
guided by a rigid pole placed in the current plane of elevation (Maclean et al., 2014) (Figure 6.1). 
Elevation order was block randomized by side and plane: all three repetitions for each side and 
plane combination were performed once the pole was adjusted to the desired position, with a 
pause between each elevation. Participants were instructed to raise their arm as high as possible 
and then lower to the starting position at a comfortable pace.  
Data from three functional tasks were also included in this analysis: overhead reach, overhead 
lift, and fingertip dexterity. These tasks are a part of a larger return-to-work upper limb 
evaluation protocol (Lang, Dickerson, et al., 2019; Reneman et al., 2005) and were selected 
based on the results of Lang et al (2019), which evaluated kinematic differences between these 
three groups in the full set of tasks. The two overhead tasks were chosen because differences in 
scapular orientation were present between groups in these tasks. Scapular kinematics were not 
different between groups for the fingertip dexterity, repetitive reach, or hand and forearm 
dexterity (all tasks within the larger return-to-work protocol), and they were all performed within 
a similar range of humeral elevation, so the fingertip dexterity task was chosen to represent this 
set of reaching and dexterity tasks. 
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Figure 6.1: Arm elevation in the sagittal plane guided by a rigid pole.  
 
6.3.3 Data analysis 
 
Motion capture data were used to calculate right humeral and scapular angles. All raw kinematic 
data were filtered with a low pass zero-lag fourth order Butterworth filter with a 6 Hz cutoff 
(Winter, 2009) and local coordinate systems for each segment were calculated (G. Wu et al., 
2005). The glenohumeral joint was calculated as 60 mm below the acromion caudally along the 
long axis of the torso (Nussbaum & Zhang, 2000) for humeral coordinate system calculations. 
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Humeral elevation was calculated as the angle between the long axes of the torso and humerus. 
Scapular angles were calculated using a joint coordinate system to describe rotations in clinically 
meaningful terms: internal/external rotation (around the Y axis), upward/downward rotation 
(around the X axis), and anterior/posterior tilt (around the Z axis). Upward/downward rotation 
was adjusted so upward rotation was positive. 
The raising portion of each arm elevation was analyzed. Each cycle was defined using the hand 
marker: a cycle began when the hand marker moved upward 10mm and ended at the hand 
marker’s highest position. Scapular angles at 30˚, 60˚, 90˚, 120˚ and maximum humeral elevation 
were then extracted for analysis for each trial.  
During functional tasks, movement cycles were defined with equipment reference markers and 
the hand marker. For the overhead reach and lift, upward movement was defined as the time 
during which the hand and load moved from the low shelf to the high shelf. For the dexterity 
tasks, a cycle was defined as when the hand moved from the starting position, to the location of 
the pins, and back. Scapular upward rotation angles were extracted at 60°, 90°, and maximum 
humeral elevation during each cycle of the overhead reach and overhead lift, as well as upward 
rotation at the maximum and minimum humeral elevation angles during each cycle of the 
fingertip dexterity task (Table 6.2). 
Scapulo-humeral rhythm (SHR) was derived for each cycle of the elevations and functional 
tasks. SHR is calculated by dividing the change in glenohumeral elevation (derived by 
subtracting the change in scapular upward rotation from the change in humerothoracic elevation) 
over the change in scapular upward rotation for each designated range ([ΔH – ΔS]/ ΔS) 
(Hosseinimehr, Anbarian, Norasteh, Fardmal, & Khosravi, 2015; S. Lee, Yang, Kim, & Choy, 
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2013; Matsuki et al., 2011). SHR across five ranges was extracted for arm elevations: minimum 
to 30°, 30°to 60°, 60° to 90°, 90° to 120°, and 120° to maximum humeral elevation. For the 
overhead reach and overhead lift, SHR was calculated for minimum to 60°, 60° to 90°, and 90° to 
maximum humeral elevation ranges. For the fingertip dexterity, SHR was calculated from 
minimum to maximum humeral elevation angle (Table 6.2).  
Table 6.2: Summary of the humeral elevation levels and ranges that were used for scapular 
upward rotation angle extraction or SHR calculation. 
Humeral elevations for angle extraction Humeral ranges for SHR calculation 
Arm 
Elevations 
Overhead 
Reach and 
Lift 
Fingertip 
Dexterity 
Arm 
Elevations 
Overhead 
Reach and 
Lift 
Fingertip 
Dexterity 
30 
60 Min 
Min - 30 
Min - 60 
Min - Max 
60 30 - 60 
90 90 
Max 
60 - 90 60 - 90 
120 
Max 
90- 120 
90 - Max 
Max 120 -Max 
 
6.3.4 Statistical analysis 
 
First, scapular upward rotation angle at each humeral elevation angle (30°, 60°, 90°, 120° and 
maximum) during the arm elevations were compared between the three groups with one-way 
ANOVAs (p<.05) to determine if the differences that were present in the functional tasks also 
occur during arm elevations. Adjustment of p values for multiple comparisons was determined to 
be unnecessary (Armstrong, 2014), because the interpretation of angle differences is already 
delimited by the accepted error magnitudes of the AMC (3.7° – 10.9°, depending on arm 
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elevation magnitude). Meaningful differences should be both significant and larger than the 
reported AMC errors , which helps to eradicate Type 1 error. Second, Pearson correlations were 
used to determine the relationships between 1) upward rotation angles during elevation and 
functional tasks and 2) SHR in elevation and in functional tasks. Correlation analyses were 
stratified by group (control, breast cancer no pain, and breast cancer with pain). 
6.4 Results 
 
Scapular upward rotation was significantly lower at lower arm elevations for the breast cancer 
survivors with pain compared to the breast cancer survivors with no pain (Figure 6.2). While the 
magnitude of the differences between breast cancer survivors with pain and controls was also 
substantial (ranging from 3.1° to 5.5°), these comparisons did not reach significance. In the 
frontal plane, upward rotation at 30° (p = .014, ƞ2 = .169) and 60° (p = .041, ƞ2= .135) were 
significantly reduced, while in the scapular plane only upward rotation at 30° was lower (p = 
.049, ƞ2 = .125). In the sagittal plane, upward rotation angle at 30° (p = .045, ƞ2 = .126), 60° (p = 
.042, ƞ2 = .128), and 90° (p = .049, ƞ2 = .120) of humeral elevation were different between groups 
(Figure 6.3), however the difference at 90° of humeral elevation was less than the accepted error 
for the AMC (6.96° vs  9.0°) (Lang, Kim, et al., 2019), and thus not considered to be meaningful.  
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Figure 6.2: Scapular upward rotation throughout arm elevation in the frontal (top), 
scapular (middle), and sagittal (bottom) planes.  
*denotes significant difference between breast cancer survivors with no pain and breast cancer survivors with 
pain with a magnitude greater than accepted AMC errors. 
+ denotes significant differences between breast cancer survivors with no pain and breast cancer survivors 
with pain, but magnitude is less than accepted AMC errors. 
 
 
Scapular upward rotation angle in elevation moderately predicted scapular upward rotation angle 
during functional tasks. For both the controls and breast cancer with no pain groups, upward 
rotation angles from three planes were moderately to strongly correlated with upward rotation 
angle for all functional tasks (r = 0.460 to 0.958) (Table 6.3).  For the breast cancer survivors 
with pain group, only sagittal plane elevation was consistently moderately to strongly correlated 
with functional tasks (r = 0.691 to 0.970) (Figure 6.3). 
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Table 6.3: Strength of linear correlation (r) of scapular upward rotation angle during arm 
elevation in three planes and functional tasks at 60˚, 90˚, and 120˚ or maximum humeral 
elevation. Bolded value signifies significant correlation. 
 Control Breast cancer no pain Breast cancer with pain 
 Frontal  Scapular  Sagittal  Frontal  Scapular  Sagittal  Frontal  Scapular  Sagittal  
60° 
Overhead 
Reach 
Unloaded 
60 
0.860 0.827 0.747 0.787 0.780 0.898 0.233 0.380 0.754 
Overhead 
Reach 
Loaded 
60 
0.901 0.887 0.758 0.824 0.840 0.939 0.031 0.144 0.705 
Overhead 
Lift 60 
0.884 0.842 0.881 0.727 0.750 0.834 0.403 0.305 0.691 
Fingertip 
Dexterity 
Max 
0.562 0.459 0.539 0.655 0.633 0.733 0.339 0.368 0.789 
Fingertip 
Dexterity 
Min 
0.573 0.460 0.564 0.646 0.612 0.713 0.292 0.270 0.732 
 Frontal  Scapular  Sagittal  Frontal  Scapular  Sagittal  Frontal  Scapular  Sagittal  
90° 
Overhead 
Reach 
Unloaded 
90 
0.807 0.768 0.619 0.816 0.896 0.944 0.721 0.864 0.970 
Overhead 
Reach 
Loaded 
90 
0.892 0.893 0.725 0.860 0.925 0.958 0.636 0.816 0.935 
Overhead 
Lift 90 
0.752 0.763 0.716 0.728 0.807 0.813 0.618 0.76 0.854 
 Frontal  Scapular  Sagittal  Frontal  Scapular  Sagittal  Frontal  Scapular  Sagittal 
120° 
Overhead 
Reach 
Unloaded 
at Max 
0.540 0.676 0.859 0.737 0.801 0.860 0.754 0.729 0.893 
Overhead 
Reach 
Loaded 
at Max 
0.594 0.696 0.824 0.766 0.807 0.839 0.571 0.601 0.874 
Overhead 
Lift at 
Max 
0.696 0.689 0.684 0.661 0.756 0.820 0.297 0.381 0.801 
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Figure 6.3: Scapular upward rotation angle at 90° during the overhead lift vs elevation in 
the frontal (top) and sagittal (bottom) planes. Association between the lift and arm 
elevation is strongest during sagittal elevation. 
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SHR during functional tasks was moderately correlated with SHR in elevation from 60° to 90° of 
humeral elevation.  For all three groups, the SHR in the sagittal plane was the most strongly 
associated for SHR in all functional tasks (Table 6.4).  Similar to upward rotation angle, SHR 
was more strongly correlated for the control and breast cancer with no pain groups.  
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Table 6.4: Strength of linear correlation (r) between scapulohumeral rhythm (SHR) during 
arm elevation in three planes and functional tasks at minimum to 60˚, 60˚to 90˚, and 90˚to 
120˚ (arm elevations) or maximum (functional tasks) humeral elevation. Bolded value 
signifies significant correlation.  
c Control Breast cancer no pain Breast cancer with pain 
 Frontal  Scapular  Sagittal  Frontal  Scapular  Sagittal  Frontal  Scapular  Sagittal  
 Min to 60 
Overhead 
Reach 
Unloaded 
min to 60 
0.500 0.035 0.413 0.633 0.765 0.729 -0.177 -0.028 0.745 
Overhead 
Reach 
Loaded  
min to 60 
0.151 0.110 0.277 -0.467 -0.409 -0.157 -0.046 0.306 0.414 
Overhead 
Lift  
min to 60 
-0.171 -0.282 -0.322 0.197 0.280 0.664 -0.400 0.604 0.003 
 Frontal  Scapular  Sagittal  Frontal  Scapular  Sagittal  Frontal  Scapular  Sagittal  
 60 to 90 
Overhead 
Reach 
Unloaded  
60 to 90 
0.292 0.512 0.627 0.476 0.452 0.691 0.490 0.501 0.333 
Overhead 
Reach 
Loaded  
60 to 90 
0.367 0.589 0.657 0.684 0.757 0.959 -0.048 0.410 0.769 
Overhead 
Lift  
60 to 90 
0.355 0.554 0.457 0.340 0.695 0.946 -0.057 0.662 0.793 
Fingertip 
Dexterity 
min to max 
0.185 0.487 0.533 0.282 0.403 0.144 0.479 0.044 -0.160 
 Frontal  Scapular  Sagittal  Frontal  Scapular  Sagittal  Frontal  Scapular  Sagittal  
 90 to 120 
Overhead 
Reach 
Unloaded  
90 to max 
0.205 0.296 0.602 -0.180 0.404 0.738 0.500 0.698 0.082 
Overhead 
Reach 
Loaded  
90 to max 
0.329 0.199 0.479 -0.151 0.525 0.914 0.318 0.692 0.214 
Overhead 
Lift  
90 to max 
0.694 0.294 0.728 -0.020 0.271 0.345 0.220 0.122 -0.172 
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6.5 Discussion 
 
This is one of the first studies to test the relationship of scapular kinematics in arm elevation to 
scapular kinematics during functional tasks, with the goal of determining the utility of elevation-
based clinical evaluation of the scapula. Similar to previously published results of the functional 
task analysis (Lang, Dickerson, et al., 2019), breast cancer survivors with pain demonstrated 
reduced upward rotation compared to the other two groups during arm elevation. Upward 
rotation angles and SHR during elevations demonstrated an overall weak to moderate 
relationship with the corresponding variables in functional tasks. The control group had a more 
consistent relationship between the two types of movements, while arm elevation in the sagittal 
plane in all three groups resulted in scapular kinematics most closely related to those in the 
functional tasks. 
Scapular upward rotation was reduced in breast cancer survivors with pain at lower levels of arm 
elevation (i.e. 30° – 60°) While the reduction in upward rotation was expected, it was expected to 
occur at the higher levels of arm elevation, such as 90°, 120° and maximum, in order to 
correspond both with the results of functional task performance (Lang, Dickerson, et al., 2019) 
and a more recent investigation of breast cancer survivor scapula kinematics in scapular 
elevation (Ribeiro et al., 2019). The results may highlight differing movement strategies during 
elevation and the loaded, goal-directed functional tasks. Reductions in upward rotation are 
common in groups with diagnosed rotator cuff disorders or subacromial impingement syndrome 
(Keshavarz et al., 2017; Ludewig & Reynolds, 2009; Turgut, Duzgun, et al., 2016), and may 
contribute to development of such disorders. Because the group of breast cancer survivors with 
pain may not have been clinically diagnosed with shoulder impingement due to positives on only 
one or two impingement tests (Leong, Ng, Chan, & Fu, 2017; Lukasiewicz et al., 1999), this 
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alteration is particularly meaningful as it may highlight kinematics that contribute to rotator cuff 
disorder progression. Previous research reported the opposite results of the current study, finding 
that breast cancer survivors had substantially higher upward rotation in elevation (Crosbie et al., 
2010). However, the populations in that previous work and the current study are distinct: Crosbie 
et al. (2010) excluded any breast cancer survivors with positives on impingement pain tests or 
with shoulder pain in the last 6 months. Thus, the opposite patterns of upward rotation may 
further support the importance of evaluating scapular upward rotation for rotator cuff disorders 
development in breast cancer survivors. By monitoring upward rotation, this factor could be 
addressed throughout recovery from breast cancer treatment to mitigate future development of 
rotator cuff disorders. 
Sagittal plane elevation had the strongest relationship to functional task performance, with 
respect to both scapular upward rotation and SHR. This result supports our hypothesis and is a 
logical result based on the requirements of the functional tasks. Both the overhead reach and lift 
involved moving the hand and objects in front of the body, similar to arm elevation in the sagittal 
plane. However, many scapular kinematic evaluations are performed in the frontal or scapular 
plane (Huang, Ou, & Lin, 2019; Kijima et al., 2015; Leong et al., 2017; Ribeiro et al., 2019; 
Robert-Lachaine, Allard, Godbout, Tétreault, & Begon, 2016; Ueda et al., 2019; Walker, 
Matsuki, Struk, Wright, & Banks, 2015), indicating the discrepancy between clinical evaluation 
methods and functional task performance. The present findings suggest that scapular kinematics 
measured during those arm elevations have limited application to common functional task 
performance. 
The lack of strong or significant relationships between SHR in elevation and functional tasks has 
implications for clinical practice. SHR is an outcome that may be more easily evaluated than 
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actual scapular angle, and it is also considered an important variable for shoulder function (Bagg 
& Forrest, 1986; Braman et al., 2009; Fouad Fayad et al., 2008). The limited significant 
association of SHR in elevations and functional tasks would suggest that the pattern of humeral 
and scapular movement that occurs during arm elevations may not be the same as while 
performing functional tasks, suggesting elevation is not an appropriate replacement for 
functional task analysis. However, our comparison to functional tasks was somewhat limited. 
Because functional task analysis did not begin with the arm at the side in this particular protocol, 
the full range of motion could not be compared, which could mean important information was 
missed. Often the first 30° of an arm elevation, or the “setting phase”, is where reductions in 
scapular movement affect scapulohumeral rhythm (Braman et al., 2009; Roren et al., 2017). 
There are some limitations to this study. Protraction/retraction and anterior/posterior tilt were not 
tested, as these movements did not emerge as important factors for understanding breast cancer 
survivor scapular kinematics in previous work. It is possible that these degrees of freedom could 
be important to assess for breast cancer survivors at different points in recovery (Borstad & 
Szucs, 2012), or for individuals with other shoulder disorders. Future studies should investigate 
the relationship of protraction/retraction and posterior/anterior tilt in elevation and relevant 
functional tasks, for populations in which compensations at those angles are of importance. This 
study only compared the kinematics of some select work-related functional tasks; thus, it is 
possible that movements in different planes of humeral motion, such as combing hair or perineal 
care, would have poorer predictive results from arm elevation. Finally, the sample size, once 
divided by impingement-pain, resulted in relatively small group (n=9) of breast cancer survivors 
with pain. Larger numbers would have made for more robust estimates of the relationships in 
each group. 
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6.6 Conclusion 
 
There is a weak to moderate relationship between scapular kinematics during arm elevation and 
functional tasks, but there is not enough evidence to confirm that evaluation of arm elevation 
would provide sufficient information to infer kinematics for functional task performance. Future 
work should further explore the utility of these functional tasks for scapular motion evaluation in 
order to make strong recommendations for changes to clinical practice guidelines.  
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CHAPTER 7: CONCLUSIONS 
 
The goal of this dissertation was to analyze shoulder biomechanics for breast cancer survivors 
during arm-centric tasks. These data can be used as an initial basis for targeted rehabilitation 
information for both clinicians and survivors regarding possible limitations and treatment 
recommendations. The following research questions were addressed: 
1. Can the scapulae of breast cancer survivors and age-group-matched controls be tracked 
with sufficient accuracy with the acromial marker cluster (AMC)? 
2. Are torso and shoulder kinematics during arm-centric functional task performance 
different for breast cancer survivors than non-cancer controls? 
3. Are muscle force strategies during functional tasks different for breast cancer survivors 
than age-group-matched controls? 
4. Is scapular motion during arm elevation associated with scapular motion in functional 
tasks for breast cancer survivors and non-cancer controls? 
The primary outcome of the first manuscript established the utility of the AMC in this non-
normative sample. The AMC has been used to track the scapula in previous research, but all 
investigations into the accuracy of this method have been performed on young, lean, impairment-
free individuals (Karduna et al., 2001; Maclean et al., 2014; Meskers et al., 2007; van Andel et 
al., 2009; Warner et al., 2012). When using the double calibration method (Brochard et al., 
2011), the AMC was able to track dynamic motion of breast cancer survivors and age-group-
matched controls with errors in ranges previously reported as acceptable (Karduna et al., 2001; 
Maclean et al., 2014; Meskers et al., 2007; van Andel et al., 2009; Warner et al., 2012). 
Quantifying these errors not only enhances confidence when using the AMC for scapular motion 
tracking, but also when identifying differences between groups; significant between-group 
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differences larger than the defined error magnitudes can be considered meaningful with 
confidence. 
The primary outcome of the second manuscript was the identification of scapular compensations 
in breast cancer survivors. When breast cancer survivors were divided based on the presence of 
pain in impingement provocation tests, the group with pain demonstrated reduced scapular 
upward rotation during the overhead reach and overhead lift, with trends toward decreased 
humeral abduction and internal rotation in extreme positions of the repetitive reach and overhead 
lift tasks as well. These compensations are associated with rotator cuff injury diagnosis 
(Keshavarz et al., 2017; Ludewig & Cook, 2000; Turgut, Pedersen, Duzgun, & Baltaci, 2016); 
decreased upward rotation of the scapula, in particular, may cause mechanical impingement of 
the supraspinatus (Brossmann et al., 1996) or overload of the supraspinatus tendon, which could 
be responsible for the pain in the provocation tests. Supraspinatus tendon damage is often 
considered the first step towards more severe shoulder injuries, as it can lead to rotator cuff tears 
and biceps tendon rupture if left untreated. This is the first study to directly connect post-surgery 
status to kinematic compensations and provide evidence for the proposed relationship between 
breast cancer treatment and rotator cuff disorders. 
This second study also defined the kinematics of the full upper limb during a return-to-work 
protocol. While the differences between groups were limited to those discussed above, the lack 
of torso and humeral kinematic changes by breast cancer survivors is, in itself, notable. Still, 
breast cancer survivors, both with and without impingement-related pain, performed the tasks at 
a lower capacity than controls, meaning they moved slower, less precisely, and could lift and 
hold less weight. They also reported, on average, higher perceived disability than controls. While 
these limitations did not results in any torso-humeral compensations, some other strategy 
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compensations were noted, anecdotally. Combined with decreased capacity, these results have 
implications for return-to-work for breast cancer survivors. Both workstation set up and physical 
demands should be considered when determining return-to-work ability. 
There are two main contributions of the third manuscript of this dissertation. First, SLAM can be 
successfully modified to model breast cancer survivors and age-group-matched controls. 
Typically the model uses a scapulohumeral rhythm regression equation to calculate scapular 
positioning, but here measured orientations were input with reasonable success, allowing the 
previously identified compensations to be captured. To this author’s knowledge, no other models 
have attempted to predict muscle forces for breast cancer survivors or individuals with rotator 
cuff disorders during functional tasks with these diverse demands. While there are acknowledged 
limitations of this model, notably the lack of antagonistic co-contraction typical of efficiency-
based optimization formulations (Dickerson et al., 2007), its utility for comparing these groups is 
positive. The second contribution from this study was the comparison of predicted muscle forces 
between breast cancer survivors, with and without pain, and controls. The model predicted 
muscle force patterns consistent with kinematic alterations. The upper trapezius was more active 
in the breast cancer survivors with pain, similar to other investigations of both breast cancer 
survivors and individuals with rotator cuff disorders (Brookham et al., 2018b; Galiano-Castillo et 
al., 2011). Other muscles also demonstrated higher activity, including the supraspinatus and 
pectoralis major muscles. While it was hypothesized based on the kinematics from the second 
study that the pain was related to impingement of the supraspinatus tendon, these results support 
another possibility; the pain and disability could be related to overload of the tendon, after a 
period of under loading during recovery from surgery. The unprecedented direct connection to 
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potentially harmful kinematics makes these results uniquely able to generate a basis for 
rehabilitation recommendations, as outlined later in this chapter. 
Finally, the fourth manuscript’s primary contribution is the quantification of the relationship 
between arm elevation and functional task performance with regards to scapular motion. 
Scapular upward rotation was most closely related during sagittal plane elevation and overhead 
reaching and lifting. However, the magnitude and timing of differences present in breast cancer 
survivors with pain during functional task performance were not present to the same level during 
arm elevation in any plane. This result suggests that assessment during arm elevation may not 
provide enough information to determine the implications for daily life, even though this is the 
common practice in both clinical practice (Uhl et al., 2009) and laboratory investigations 
(Keshavarz et al., 2017). 
7.1 Limitations 
 
There are some limitations that affect the overall conclusions and implications of these results. 
First, the lack of longitudinal analysis of kinematics and information about pre-treatment 
impingement status delimits any commentary on the cause versus association relationship of pain 
and kinematics. Second, the differences between groups were present on the right, and dominant, 
side of the participants. A larger sample size, with more deliberate inclusion of left-hand 
dominant breast cancer survivors would help to parse out the effects of handedness on kinematic 
compensations after breast cancer treatment. Finally, glenohumeral joint translation was not 
measured in this study. While this is difficult to measure, it accepted in the clinical community as 
an important aspect of motion (Dal Maso et al., 2015); reduced mobility within the glenohumeral 
joint can cause subsequent capsular tightness that may contribute to overall shoulder 
biomechanical compensations. 
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7.2 Future Research Recommendations 
 
This combination of studies has identified several gaps that could benefit from future research. 
Functional task performance and scapular motion should be more robustly defined with breast 
cancer survivors after a variety of treatments, and particularly breast reconstruction and radiation 
(Bentzen et al., 1989). Additionally, tracking scapular motion of breast cancer survivors over 
time will enable more precise identification of a cause/effect relationship of pain, disability, and 
kinematic compensations. To further these recommendations, interventions to both treat and 
prevent harmful kinematic alterations should be performed. Results support early intervention for 
injury prevention in breast cancer survivors. Scapular positioning training involving stretching 
and strengthening agonist and antagonist muscles, as well as neuromuscular cues and exercises, 
could help decrease the activity in these muscles to prevent insufficient upward rotation and 
overuse/injury of the supraspinatus. Future work should test these prophylactic recommendations 
for their influence on scapular kinematics and muscle force strategies. Finally, careful validation 
of clinical methods for measuring scapular upward rotation is needed to translate these high-
resolution biomechanical outcomes to clinical application. The current results support the use of 
a functional task instead of single-plane arm elevation for scapular motion assessment of breast 
cancer survivors. Due to the relative ease of set up and execution, and the demonstrated 
kinematic differences during performance, the overhead reach should be further explored to add 
to both scientific and clinical practice guidelines. Future research should work towards a more 
robust definition of normative and pathological kinematics during this task. 
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7.3 Implications 
 
The kinematic, kinetic, and clinical data presented here combine to create recommendations that 
can be useful to clinicians, scientists, and breast cancer survivors. Based on these results, a 
prospective treatment model, a method that has previously been suggested for other upper limb 
limitations (McNeely et al., 2010; Stout et al., 2016), for breast cancer survivors focused on 
rotator cuff injury prevention strategies should be tested. It is recommended that scapular upward 
rotation be monitored from pre-treatment to several months and years post-treatment to identify 
any pre-dispositions or post-treatment alterations that may occur and lead to pain and 
subacromial impingement or supraspinatus tendon overload. Muscle force prediction differences 
suggest that rehabilitation efforts should focus on inhibiting the upper trapezius muscle through 
strategic strengthening, stretching, and neuromuscular training of the muscles surrounding the 
shoulder, but the specific intervention needs further investigation to refine. Finally, if arm 
elevation is chosen for the evaluation protocol, motion during the sagittal plane should be the 
movement used for analysis; however, it is recommended that a simple loaded reach be used for 
assessment of scapular kinematics in breast cancer survivors, and possibly for other individuals 
with shoulder pathologies. The strategy is certainly feasible for fundamental scientific 
evaluation, but can also be useful and practical in clinical practice. Overall, the novel research 
questions and innovative methods of this thesis supply important information for post-breast 
cancer shoulder dysfunction and will be used to disseminate rehabilitation recommendations and 
direct future research. 
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policy).  The Canadian Cancer Society strives to provide evidence based information about cancer related topics. We encourage you to discuss all 
information with your health care professional (Medical disclaimer). 
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APPENDIX B: INFORMATION AND CONSENT FORM 
 
 
PARTICIPANT INFORMATION AND CONSENT FORM 
Study Title:  
Towards improved clinical evaluation of the shoulder: defining upper limb motion of breast 
cancer survivors during functional evaluation tasks 
Research Team:  
Student investigator: 
Angelica Lang 
University of Saskatchewan  
Department of Health Sciences  
e-mail: angelica.lang@usask.ca 
 
Faculty Supervisors: 
Dr. Stephan Milosavljevic, Ph. D. 
University of Saskatchewan  
School of Physical Therapy 
Phone: 306-966-8655 
Email: Stephan.milosavljevic@usask.ca 
 
Dr. Clark R. Dickerson, Ph. D. 
University of Waterloo  
Department of Kinesiology 
Phone: 1-519-888-4567 ext: 37844 
Email: clark.dickerson@uwaterloo.ca 
 
 
 
 
 
 
 
 
Dr. Soo Kim, Ph.D. 
University of Saskatchewan 
School of Physical Therapy 
Phone: 306-966-8399 
Email: soo.kim@usask.ca 
 
 
 
 
 
1. INTRODUCTION 
 
Thank you for expressing an interest in this research. You are invited to take part in this research 
study because you are an adult female between the ages of 35 and 65, have received treatment 
(unilateral or bilateral mastectomy) for breast cancer at least 6 months ago OR have a symptomatic 
rotator cuff tendinopathy OR have no upper limb limitations. Your participation is voluntary. It is up 
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to you to decide whether or not you wish to take part. If you wish to participate, you will be asked to 
sign the consent form on the last page.  
 
2. WHO IS CONDUCTING THE STUDY 
The study is being conducted by a team of researchers within the Department of Health Sciences, led 
by Drs. Milosavljevic, for Angelica Lang’s PhD thesis. Neither the institution nor any of the 
investigators / research team will receive any direct financial benefit from conducting this study.  
3. PURPOSE OF THE STUDY 
This goal of this study is to define kinematics, or motion, of breast cancer survivors during a range 
of clinically and functionally relevant shoulder-centre tasks. These measured kinematics of breast 
cancer survivors will be compared to kinematics of non-cancer controls and a rotator cuff injury 
group to determine the presence of alterations and to help to identify if the alterations are similar to 
those displayed with rotator cuff injury. This information will enhance the understanding of 
shoulder movement following breast cancer surgery, particularly for functional, work-related tasks. 
This will allow for more specific recommendations for clinicians regarding treatment, rehabilitation, 
and return to work recommendations. This study is a part of Angelica Lang’s PhD project. 
4. INCLUSION/EXCLUSION CRITERIA 
Women who are between the ages of 35-65 who are able to participate in physical activity will be 
included in this study. Breast cancer survivors who were diagnosed with either unilateral or bilateral 
stage I-III cancer and have had surgical treatment at least 6 months prior to participation or women 
who have been diagnosed with symptomatic rotator cuff disease will be eligible. Women that are 
free of any upper limb impairments will be eligible for the control group. Individuals who have other 
health-related disorders, have other injuries to their upper extremity, back or neck or cannot raise 
their arms overhead will be excluded. 
 
5. PROCEDURES 
The testing session for this study will be approximately 2.5 hours. During the session, you will be 
asked to perform selected tasks to evaluate upper limb movement. The procedures are as follows: 
Once you have read and signed this informed consent form, you asked to complete four 
questionnaires: 1) the QuickDASH questionnaire which will evaluate your ability to use your upper 
limb and if there are any symptoms of disability present, 2) the Physical Activity Readiness 
Questionnaire (PAR-Q) to ensure you are able to safely participate in physical activities, 3) the 
FACT-B to determine quality of life ratings, and 4) a brief questionnaire about your employment 
status. These questionnaires will be used for secondary outcome measures and determine if you are 
eligible to participate in this study. If you are deemed ineligible by your responses to the 
questionnaires, the responses will be destroyed and you will not be asked to perform any of the 
following tests or tasks. Following the completion of the questionnaires, you will be asked to 
perform three common upper limb diagnostic tests (Neer’s test, Hawkins test, and the empty can 
test) to determine the presence of any rotator cuff disease symptoms. These diagnostic tests will 
require you to elevate your arm while one of the researchers stabilizes your scapula or resists your 
upward motion to determine the presence of shoulder pain. Finally, your height, weight, upper arm 
length and lower arm length will be recorded. 
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Following the paperwork and initial measures, the preparation necessary for collecting the shoulder 
muscle activity and 3D upper body motion will be accomplished, i.e. positioning surface electrodes 
and reflective markers on your skin.  Surface electrodes are small passive sensors that record muscle 
activity when affixed on the skin above muscles using tape.  Prior to electrode placement, the skin 
overlaying the muscle belly will be shaved and cleansed with isopropyl alcohol. The EMG sensors 
will be placed on the shaved and cleansed skin over 6 bilateral upper limb muscles. Reflective 
markers are small reflective balls that are positioned on the skin using tape.  The following figure 
show where the surface electrodes (triangles) and the reflective markers (black dots) will be 
positioned. 
Before starting the trials, you will be asked to complete maximal voluntary contractions (MVC) for 
each of the muscles being collected. These contractions will be performed in positions chosen to 
elicit the highest possible activity for the desired muscle.  One MVC (five seconds in duration) will 
be performed in each position, with at least two minutes between each exertion. There will be a total 
of 10 exertions. Each exertion will be performed against a dynamometers to simultaneously collect 
maximum force generation capacity. 
 
 
After MVCs, the data collection protocol will begin. The protocol will begin with arm elevation in 3 
planes. You will be asked to raise your arm as high as possible 3 elevations in each plane. You will 
have 6 seconds to complete the full raise and lower.  
Following these elevations, you will perform an overhead reach and 3 reaching and dexterity tasks, 
which you will perform seated. The overhead reach will require you to reach to a shelf 1.5m off the 
ground with and without a weight and the repetitive reaching task will involve moving 30 marbles 
horizontally as quickly as possible. The fingertip dexterity task involves placing pins in a pegboard 
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as quickly as possible in the allotted time, while the hand and forearm dexterity task requires you to 
move blocks into a board in a predetermined pattern, as fast as you can. Both reaching tasks have 2 
subtasks and the fingertip dexterity tasks has 3 subtasks. Each subtask will be repeated 3 times, for a 
total of 6 performance sets in each of the reaching tasks and 9 and 3 sets in the two dexterity tasks, 
respectively.  
 
After these tests, you will stand up and perform an overhead lifting task. This task has 3 sets of 5 
lifts at a weight that is approximately 50% of the maximum capacity from a previous collected 
normative dataset. The final task is the overhead work task which will require you to manipulate 
nuts and bolts at crown height while wearing 1 kg cuff weights. You will perform this task to 
voluntary maximum, meaning it will end when you can no longer perform the task. The final two 
tasks (overhead lift and overhead work) will involve a shelf that will be adjusted to the top of your 
head.  
 
You will have rest breaks of at least one minute between sets and tasks to prevent fatigue. If you 
would like additional time in these breaks or additional rest breaks, please notify one of the research 
investigators and we would be happy to provide you with additional rest time.  
With your permission, photos and videos may be taken during any point of the study for publication, 
teaching purposes or for presentation at scientific conferences. Your face will be blackened out in all 
images or video clips used and any other personal information will be removed that could be used to 
identify you. 
 
6. POTENTIAL RISKS AND ASSOCIATED SAFEGUARDS 
As with any type of strenuous activity, there is a very small risk that the stress of performing 
exercise will cause heart rhythm abnormalities, chest discomfort or lightheadedness.  People with a 
history or presence of significant cardiac (heart) disease, heart rhythm disorders, or currently 
pregnant should not participate in this study.  The PAR-Q that will be administered before the test 
session is a screening tool to determine if you can safely participate in the physical tasks that are a 
part of this study. It is also important that you report any pain, discomfort, fatigue or other symptoms 
that you might have during the exercise test to the study staff in attendance. Some participants may 
experience muscle pain or discomfort due to the overhead the tasks, but this should be temporary 
and will disappear after a few days.  
At least one of the investigators present will be trained in CPR and First Aid to deal with any 
potential problems that may arise. All tests can be terminated by you at any point if you are feeling 
any pain or discomfort. A spotter will be present at all times and you will be closely monitored, 
especially in the overhead lift and overhead work. Additionally, all equipment will be cleaned with 
an alcohol based sanitizer. If you have an allergy or sensitivity to adhesives, you should consider not 
participating. 
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In the unlikely event of an adverse effect arising related to the study procedures, necessary medical 
treatment will be made available at no additional cost to you. As soon as possible, notify the research 
team. By signing this document, you do not waive any of your legal rights. 
7. COST OF PARTICIPATION 
You will not be charged for any research-related procedures. You will not be paid for participating 
in this study. You will not receive any compensation, or financial benefits for being in this study, or 
as a result of data obtained from research conducted under this study. 
 
8. POTENTIAL BENEFITS OF PARTICIPATION 
If you choose to participate in this study, you may or may not experience any benefits.  You may 
find benefit by receiving a summary of your data. The knowledge gained from this research may 
assist in rehabilitation and return to work recommendations for breast cancer survivors. We plan to 
share significant findings to doctors and physiotherapists to help improve the assessment and 
treatment of breast cancer survivors.  
9. CONFIDENTIALITY AND SECURITY OF DATA 
A numerical code will be associated with your name; no personal identifiers will be used with your 
study data. The numerical code will be used with the questionnaires and digital recordings. Your 
name will not be associated with the recording. All data will be stored for 5 years on computer hard 
drives (password protected) and/or digital storage media, after which it will be permanently deleted. 
Consent forms and questionnaires will be stored separately in a locked filing cabinet in Health 
Sciences E-wing Room 3405 for 5 years, after which they will be discarded. The principal 
investigator, Dr. Milosavljevic, will be responsible for this data. Research records identifying you 
may be inspected by the University of Saskatchewan Biomedical Research Ethics Board in the 
presence of the Principal Investigator for quality assurance and monitoring purposes. Only grouped 
results will be included in publications and reports, i.e. no individual data. This grouped data will be 
analyzed and used to address three specific objectives for Angelica’s PhD thesis, including use in 
both a musculoskeletal and statistical model.  
10. CHANGING YOUR MIND ABOUT PARTICIPATION 
If you choose to enter the study and then decide to withdraw later, all data collected about you 
during your enrolment will be retained for analysis.  
 
11. CONCERNS ABOUT PARTICIPATION 
We would like to assure you that this study has been reviewed by, and received ethics clearance 
through a University of Saskatchewan Research Ethics Committee. However, the final decision 
about participation is yours. In the event you have any comments or concerns resulting from your 
participation in this study, please contact the Chair of the University of Saskatchewan Research 
Ethics Board, at 306-966-2975 (out of town calls 1-888-966-2975). The Research Ethics Board is a 
group of individuals (scientists, physicians, ethicists, lawyers and members of the community) that 
provide an independent review of human research studies. This study has been reviewed and 
approved on ethical grounds by the University of Saskatchewan Research Ethics Board. 
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12. QUESTIONS ABOUT THE STUDY 
If you have any further questions or want any other information about this study, please feel free to 
contact Angelica Lang, Dr. Soo Kim, or Dr. Stephan Milosavljevic. 
Sincerely Yours, 
Angelica Lang 
Ph.D Student 
Department of Health 
Sciences 
University of Saskatchewan 
angelica.lang@usask.ca 
 
Soo Kim, Ph. D. 
Associate Professor 
School of Physical Therapy 
University of Saskatchewan 
306-966-8399 
soo.kim@usask.ca  
 
 
Stephan Milosavljevic, Ph. D. 
Professor/Director 
School of Physical Therapy 
University of Saskatchewan 
306-966-8655 
stephan.milosavljevic@usask
.ca 
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CONSENT OF PARTICIPATION 
 
Project Title: Towards improved clinical evaluation of the shoulder: defining upper limb 
motion of breast cancer survivors during functional evaluation tasks 
 
 
Student Investigator: Angelica Lang  
 
Faculty Supervisor: Drs. Stephan Milosavljevic, Soo Kim, and Clark Dickerson 
 
By signing this document, I am confirming that: 
 I have read the information in this consent form. 
 I understand the purpose and procedures and the possible risks and benefits of the study.  
 I was given sufficient time to think about it. 
 I had the opportunity to ask questions and have received satisfactory answers. 
 I am free to withdraw from this study at any time for any reason and the decision to stop 
taking part will not affect my future medical care. 
 I agree to tell the study doctor at once if I feel I have had any unexpected or unusual 
symptoms. 
 I understand that this study will not provide any benefits to me.  
 I give permission for the use and disclosure of my de-identified personal health 
information collected for the research purposes described in this form. 
 I give permission for the access of my identifiable personal health information for the 
research purposes described in this form. 
 I understand that by signing this document I do not waive any of my legal rights. 
 I understand I will be given a signed and dated copy of this consent form. 
  
Participant Name: ________________________________  (Please print)   
Participant Signature:  _____________________________  
Person Obtaining Consent Name:  ___________________  (Please print) 
Person Obtaining Consent Signature:  ________________  
Date:  __________________________________________  
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CONSENT TO USE PHOTOGRAPHS AND VIDEOS IN TEACHING, 
PRESENTATIONS, and/or PUBLICATIONS 
 
Project Title: Towards improved clinical evaluation of the shoulder: defining upper limb 
motion of breast cancer survivors during functional evaluation tasks 
 
Student Investigator: Angelica Lang  
 
Faculty Supervisor: Drs. Stephan Milosavljevic, Soo Kim, and Clark Dickerson 
 
 
Sometimes certain photographs and videos clearly demonstrate a particular feature or detail that 
would be helpful in teaching or when presenting the study results at a scientific conference or in 
a publication. 
  
I agree to allow photographs, videos and/or quotations that were captured during my 
participation in the study to be used in teaching, scientific presentations and/or publications with 
the understanding that my identity will not be disclosed.  Any identifying information captured 
in a photograph and/or video will be blackened out and any quotations will remain anonymous 
and will not be linked to myself in any way. 
 
 
 
Participant’s Name (Please Print): _______________________________________________  
 
 
Participant’s Signature: ________________________________________________________  
 
 
Date: _______________________________________________________________________  
 
 
Person Obtaining Consent: 
__________________________________________________________________ 
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APPENDIX C: QUICK DISABILITIES OF ARM, SHOULDER AND HAND 
(QuickDASH)  
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